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Introduction 


Tue work of Fabry and Buisson! in 1913 and that of Fowler and Strutt? 
in 1917 proved the correctness of Cornu and Hartley’s suggestion that the 
sudden termination of the solar spectrum in the ultra-violet is due to the 
ozone present in the earth’s atmosphere. Based on the absorption coeffi- 
cients of ozone in this region, Fabry and Buisson described two methods for 
deducing the amount of ozone contained in a vertical column of the 
atmosphere. The quantity of ozone thus derived by them in 1921 amounted 
to 0-3 cm. at N.T.P. These measurements of Fabry and Buisson? in France 
and those of Gétz‘ in Switzerland, also showed some dependence of the 
total amount of ozone on the meteorological conditions existing at the time 
of measurement. 


Fabry and Buisson employed a double spectrograph for their measure- 
ments, so as to reduce the scattered light from other parts of the spectrum. 
Dobson,® taking advantage of the selective transmission of light by chlorine 
and bromine vapours, developed a convenient and portable spectrograph 
to photograph the ultra-violet end of the solar spectrum and to deduce 
from it by the method of photographic photometry the total amount of 
ozone in a vertical column of the atmosphere. In collaboration with 
others, he carried out with this instrument a long series of measurements 
of atmospheric ozone at Oxford ; and later, with a number of similar instru- 
ments distributed all over the globe made a world-wide survey of 
atmospheric ozone. ‘This ozone survey includes measurements at Kodai- 
kanal,* South India, for a period of one year (Sept. 1928 to Aug. 1929). 


With a view to studying the subject further for the Indian conditions, 
daily measurements were made at the Colaba Observatory, Bombay, during 
the period October 1936 to September 1938. The results of these 
measurements are summarised and discussed in this paper. 


Exposure and Development of Plates—The spectrograph used in this 
work was one of Dobson’s—the same instrument as had been used at 
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Kodaikanal in 1928-29. Throughout the work, Dobson’s instructions were 
strictly followed and photographs were taken on as many days as possible. 
In the earlier period of measurement, the time of exposure was one minute, 
but later it was changed to half a minute. A uniform strip of standard inten- 
sity was produced centrally on every plate by exposing it at a definite dis- 
tance in a special plate holder to the light from a standard acetylene burner 
after transmission through an ultra-violet filter (UV, Schott and Gen.), 
This exposure was of the same duration as that for the solar spectrum (1 min, 
or } min.) while the distance of the plate from the burner was adjusted to 
give a density most suitable for measurements on the microphotometer, 
This was determined beforehand and was adhered to throughout. 


Ilford special rapid plates were found most satisfactory. They were 
developed for four minutes at 65° F. in the M.Q. developer recommended 
by the manufacturers. ‘The plates were fixed in plain hypo for ten minutes, 
hardened in alum and thoroughly washed for at least one hour. After 
drying they were marked and carefully preserved for photometric measure- 
ments. Most of the plates were perfectly clean and uniform, 


Microphotometer.—A Skinner-Dobson microphotometer belonging to the 
India Meteorological Department was used to measure the plates. Besides 
some minor changes in the mechanical parts of the instrument one important 
improvement was made. The spot of light which scans the photographic 
plate is an image of a short spiral filament of an electric lamp, formed by 
means of a long focus microscope objective. However, this image is always 
surrounded by a wide patch of stray light reflected from different parts of 
the lamp and coming through the large window of the lamp house. This 
obviously is unsatisfactory for scanning small areas in a photographic image, 
such as narrow regions in the solar spectrum. ‘Therefore two short and 
narrow slits were mounted on both sides of the lamp house and their images 
were focussed on the photographic plate and the window of the photo-cell. 
In this way the scanning spot was made so narrow and short, and without 
any surrounding patch of light, that it could easily be accommodated in the 
narrowest portions of the spectrum. A small magnifying lens was found to 
be of great value while bringing the scanning spot accurately to within any 
desired region, thus increasing the accuracy of the photometric observations— 
one of the most difficult tasks in such a work. The photometric measure- 
ments were then carried out in the usual way, and readings could be 
repeated to within 0-1 mm. 


A special mention may be made here of the great advantage gained by 
employing a Milne H. T. Battery for maintaining the potentials of the 
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quadrants of the electrometer. The voltages on the quadrants and on 
the needle of the Lindemann electrometer were perfectly steady; and 
measurements could be carried on smoothly for hours together. 


Determination of the Wedge Constant.—The calibration of the optical 
wedge in the spectrograph was carried out on various occasions during the 
period of observations. For this purpose, after a number of trials, a metal 
sheet of proper size and number of circular holes punched on it uniformly, 
was selected and mounted on a rigid frame, so that during an exposure it 
could be rotated sufficiently rapidly in front of the lens of the spectrograph. 
For calibration three photographs were taken on the same plate at about 
noon, when the sun’s zenith distance would change very slowly; first 
through the rotating gauze, second, directly and third, again through the 
rotating gauze. 


The ratio of the open area to opaque area in the rotating gauze was 
determined by two different methods: (1) by direct measurement and 
(ii) by visual photometry. 


(i) In this method, the diameters of a large number of holes in the 
screen were measured under a low power microscope and thus the average 
area of a single hole was calculated. Next from a large number of trials, 
the average number of holes that were included in a circular area equal to 
that of the front lens of the spectrograph, was found out. From these two 
quantities the reduction factor was calculated. 


(ii) In this method, the illumination from two sources of light were 
at first matched on a Lummer-Brodhun photometer placed between them. 
Then the intensity of one of them was reduced by rotating the metal gauze 
in front, while the other source was removed farther away from the photo- 
meter till again the balance was restored. A simple calculation based on 
the inverse square law gave the reduction factor of the gauze. 


These two methods supplied almost identical values of the reduction 
factor of the metal gauze. 


The wedge constants are then calculated in the following way :— 


The intensity of incident radiation of any wave-length is given by 
I=A-10-4”, where & is the wedge constant, y is the length of the spectral 
line measured and A is another constant. If the length of a particular line 
measured on the photograph taken without the rotating gauze be y, and the 
length of the same line when photographed through the rotating gauze be 
yx, the reduction in length (y, —¥4,) of that line corresponds to a reduction 
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in intensity of the incident light due to the rotating gauze. ‘Thus 


I 4 

: 10~ 4 ‘1 ~ 32) 

I, 
or 

I 
log “4 log R = —k (¥1 —42) 
where R is the reduction factor of the gauze 
log R 
or k= oO. 


Ma TO 
In this way, from a number of plates the mean wedge constants were 


determined for different wave-lengths. 


2 


TABLE I 


| 
A ..| 3264 4 3232 A 3062 4 | 3052 4 


Method of Calculation.—The “‘ short method’ of Fabry and Buisson, 
of estimating the amount of ozone contained in a vertical column of the 
atmosphere, was adopted. Because of its simplicity the same method has 
been followed generally by Dobson and others. ‘The details of the method 
are well known and need not be repeated here. The final formula from 
which the amount of ozone is calculated is as follows :— 


(log In — log I,’) — (log I — log I’) — (B — B’) secz 


, 
(a — @) Sec Zz 
where, 
x= the equivalent thickness of ozone in cm. at N.T.P. 
Iy,1’'9= the intensities of the two spectral lines A and X’ respectively 
outside the earth’s atmosphere. 
I, I’= _ the intensities of the same lines A and X’ observed at the surface 
of the earth. 
a,a’ = the absorption coefficients of one cm. of ozone at N.T.P. for the 
two wave-lengths A and 2’ respectively. 
B, 8’ = the absorption coefficients due to scattering by small particles 


for sec z = | and for the two wave-lengths A and X’ respectively. 


the zenith distance of the sun. 
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In practice the quantity (log I, — log I,’), which represents the ratio 
of the intensities of light of the two wave-lengths, outside the earth’s 
atmosphere, is assumed to be constant and known once for all. How this 
quantity was derived in the present investigation will be described in the 
next section. 

The following table gives the values of scattering and absorption 


coeficients adopted in this work. 


TABLE ITI 











A ..| 32643 3232 A | 30624 3052 & 
a 0-15 0 -22 2 -13 2 .23 
B bond 0 -29 0 -30 0-37 0 -37 











The remaining term (log I — log I’) represents the ratio of the intensities 
of two wave-lengths as received at the place of observation. It is equal 
to (ky — k’y’) where & and #’ are the wedge constants and y, y’ the measured 
lengths of the two spectral lines respectively. Thus measuring y, y’ and 
knowing the rest of the quantities in the above expression once for all, x 
can be calculated. The value of x thus obtained is in terms of cm. of 
ozone at N.T.P. 


The Constant of the Instrument—(log I, —logI,’) known as the constant 
Q 5 0 


of the instrument is obtained in the following way :— 


A number of photographs were taken during one morning or one 
afternoon on a clear day at different zenith distances of the sun. Then for 
each wave-length separately, the logarithms of intensities were plotted 
against the corresponding values of sec z. By extrapolating the straight 
lines thus obtained to sec z = 0, values of log Iy were read from the graphs 
for each wave-length. Thus for any pair of spectral lines the quantity 
(log I, —log I,’) could be obtained. The assumption, of course, is that 
the amount of ozone does not change during a series of observations on a 
particular morning or afternoon. The mean values obtained with the 
instrument at Bombay are given below :— 
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TABLE IIT 





(log I, —log I’) 


Pair of wave-lengths 





Time of Exposure 


In Table IV are given the mean monthly values of ozone 


January 
February 
March .. 
April 

May 

June 

July 
August 
September 
October 
November 


December 


60 seconds 


30 seconds 





Discussion 


TABLE IV 





3062 A | 





1936 1937 
a 

n x n | @ | 
| | | 
| 26 | a 
| | 17 | 0-234 | 
i | 29 | 0 o10 | 
| 28 | 0-219 | 
} 3 | 0-191 | 
| | 2 | o-18s | 
a ci | 0-179 | 
a 14 | 0-194 | 
a 15 | 0-214 | 
..| 10 | 0-217] 28 | 0-219 | 
. 2 | 0-196] 22 | 0-205 | 
4 9 | 0-213) 31 | 0-207 





n 


tie! 
10 


16 


(Monthly Mean Values of Ozone at Bombay (Lat. 18° 


3052 A 
3264 & 3232 A 
1 -596 1 +357 
1 -587 1-391 


1938 








54’ N.) 





at Bombay. 


Mean 


0 +210 
0 +221 
0 +213 
0 +224 
0 +221 
0-214 
0-211 
0-199 


0-213 
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Monthly Mean Values of Ozone at Kodaikanal (according to Dobson) 


(Lat. 10° 10’ N.) 














1928 1929 

| n a in x 
January “iy ns re | gst | 24 0 -192 
February er «| - | ie 24 0-194 
March ae «| ce | a | 23 0-199 
April : i | 48 0-211 
May | | | 15 0-204 
June | | 7 0-209 
July i i he | re | 14 0-211 
August : 19 0 -205 
September... ae 17 | 0-206 | 
October os coat 12 | 0 -2025 
November we ode 7 | 0 -193 
December a ae 12 | 0-189 | 





The observations extended over a period of two years from October 
1936 to September 1938, but the number of observations were few in 
November 1936 and in May, June and July 1937. ‘The annual mean amount 
of ozone at Bombay is 0-213 cm. at N.T.P., which may be compared with 
the value 0-201 observed at Kodaikanal. The usual annual variation 
observed at other places in the northern hemisphere with a maximum in 
April-May and a minimum in November-December is observed here also, 
but this simple variation is disturbed by some cause which makes the values 
abnormally small on some of the days in the monsoon months July and 
August. A similar abnormality was noticed by the Rev. P. Lejay’ at 
Shanghai. Both the mean ozone amount as well as the amplitude of the 
annual variation agree well with the nature of the distribution worked out 


by Dobson from his general survey. In Fig. 1 are shown for comparison 
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the curves of annual variation of ozone at Bombay and at three nearest 


places where observations have been taken, viz., Kodaikanal, Shanghai 
and Helwan. 

The daily values of ozone measured at Bombay 
in the Appendix. 


are given in Table V 
changes in the ozone 
content from one day to the next, but the changes are generally smaller 
than those observed in Europe, but larger than those observed at Kodai- 
kanal. of observed at Bombay 
are 0-309 cm. on the 16th February 1937 and 0-156 cm. on the 29th July 
1937 Seatter diagrams of the individual observations in 
each month at Bombay and Kodaikanal are shown in Fig. 2. 


Occasionally, there are sudden 


The highest and lowest values ozone 


respectively. 


Much work has been done in Europe regarding the connection between 
ozone content of the atmosphere and the meteorological conditions. 
Dobson found that there exists larger amounts of ozone than normal in the 
rear of a cyclone and smaller amounts in front of it. ‘This seems to be gener- 
ally true of conditions in temperate latitudes. 


Speaking in terms of air- 
masses, an increase in ozone content in Europe appears to be associated 
with the arrival of air-masses from polar regions and a decrease in ozone 
content, of air-masses from tropical regions. 


In connection with the 
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Scatter diagram of ozone values obtoined 
ot Kodaikhenal during September 1928 to August 1929. 


Fig. 2 


observations made at Kodaikanal in 1928-29, Dobson has remarked, ‘It is also 
of interest to see that the ozone value in India seems to be unaffected by the 
setting in of the monsoon so that its behaviour in this respect differs entirely 
from that associated with cyclones and anticyclones in temperate regions ”’. 
In Figs. 3 (a) and (b) the pressure values at ground level at Bombay at 
8 hrs. as well as the ozone values of the day are plotted together in the same 
diagram. While in a rough way, there is a general inverse relationship 
between ground pressure and ozone during the period October 1937 to 
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March 1938—the period when winter disturbances pass 


across North 


India, the day-to-day relationship is very feeble. The following figures 
give the standard deviations of pressure and ozone amount at Bombay 


during the months October to March. 





| Standard deviation 





Peri ia tll Pn yay Correlation 
weied " co-efficient 
Ozone Pressure 
October 1936 to March 1937/ 93 20 > x 10-3 0 -066 0-14 
| 
October 1937 to March 1938] 170 |11-7 x 10-3 0 -067 — 0-26 
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Meetham® found from an analysis of English data that there was a 
high correlation between the ozone content and the potential temperature 
at 18km., between ozone content and the height of the tropopause, etc. 
Unfortunately, owing to lack of adequate upper air data, such an analysis 
is not possible in the case of Indian data. 
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Summary 

The present paper describes the daily measurements of atmospheric 
ozone made at the Colaba Observatory, Bombay, during the period 
October 1936 to September 1938 with a Dobson’s spectrograph by the 
method of photographic photometry. The average amount of ozone and 
its seasonal variation found at Bombay are in general agreement with those 
to be expected from Dobson’s world-wide ozone survey in 1930. ‘The annual 
variation is however disturbed by some unknown factor which makes the 
values on some of the days in the monsoon unusually low, giving rise to a 
hump in the seasonal variation curve in the months September-October, 
A similar disturbing influence is also to be noted from the earlier measure- 
ments at Zikawei, Helwan and Kodaikanal, at about the same period of the 
year. ‘There is practically no correlation between the daily value of ozone, 
and the pressure at ground level. 
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Values of the Amount of Ozone in 10-3 cm. at N.T.P. at Bombay in 
the year 1937 (Lat. 18° 54’ N.) 
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191 


9 | 204 
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1S | 203 
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16 | 212 
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Daily Values of the Amount of Ozone in 10> cm. at N.T.P. at Bombay in 
the year 1938 (Lat. 18° 54’ N.) 





Date Jan. 





Feb. | Mar. 
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Sept. 





1 204 
2 210 
3 201 
{ 201 
5 219 
6 209 
7 201 
8 207 


9 214 
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17 | 197 
18 | 221 
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1. Introduction 
Tue effect of pressure on the refractive index of liquids was a favourite 
subject for investigation even in early days, since owing to the great sensi- 
tiveness of the interference methods, only small pressures were required to 
produce the necessary changes of refractive index. Jamin (1857-58) was 
the first to determine experimentally the influence of pressure on the refrac- 
tive index of water with his interference refractometer. His results, 
however, do not agree with those of Mascart (1874). Quincke (1883) 
obtained results on a number of liquids, which were later contradicted by 
Réntgen, and which are probably not reliable. He obtained, even in the 
small range of pressures used (about 1 atmosphere), a dependence of the 


, . : . : du ; 
change of refractive index with pressure, ip’ on pressure ; in particular, 


he found in ethyl ether, a change of about 30%, which has been completely 
disproved by the later measurements of Rontgen and Zehnder. 


The first quantitatively reliable and the most extensive work yet done 
on liquids are those of Réntgen and Zehnder (1891), who determined the 
piezo-optic coefficient s for carbon di-sulphide, benzene, ethyl ether and a 
few alcohols at various temperatures. They used a Jamin’s interferometer 
and allowed the two interfering beams of light to pass through two parallel 
liquid columns, to one of which a greater pressure could be applied than 
to the other. By measuring the displacement of the interference fringes 
produced by the change of density on the application of pressure, a measure 
of the change of refractive index with pressure was obtained. ‘The liquid 
to be studied was contained in two long tubes obtained by boring a block 
made of an alloy of copper and zinc, in two places along its length and fixing 
up end-windows of plane parallel glass plates. ‘Two narrow side-tubes were 
provided to each of the experimental tubes for filling the latter with the 
liquid and for transmitting the pressure to it. Arrangements were made 
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to ensure that the liquids attained a very constant temperature. ‘The 


necessary pressure dijierence was produced slowly by raising and lowering 
two mercury reservoirs connected to the two tubes, by small steps, so 
that the heat evolved during the compression of the liquid may have time 
to pass away. When the required number of fringes had moved past 
the cross-wire, the apparatus was left in this position undisturbed for some 


: j dy 
time and then the pressure was measured. ‘The observed values of ; were 
( 


employed to calculate the values of the isothermal compressibility B, for 


ee : . er ; : p—l 
these liquids using the formule of refraction of Beer,’ = constant and 
; : ee-—1 1 : 
that of Lorentz-Lorenz, ~,—— - = constant. On comparing _ these 
pe+2 p 


with the observed values of f,, it was found that neither of these expressions 
gave the changes of refractive index with pressure within the limits of error, 


The investigation was extended to a few other liquids by Himstedt and 
Wertheimer (1922) and Eisele (1925). These workers used the more con- 
venient interferometer of Loewe-Zeiss and applied the pressure to one of 
the tubes by means of a mercury manometer. 


It may be mentioned, in passing, that the effect of high pressures on 
the refractive index of liquids has been studied by Poulter, Ritchy and Benz 
(1932), Poindexter and Rosen (1934) and more recently by Gibson and 
Kincaid (1938). ‘These workers of course, used methods other than that of 
interferometer. 


All the above workers determined the tsothermal piezo-optic coefficient, 
applying the pressure slowly by small steps so that the heat of compression 
might have time to pass away. Hence the observations are necessarily 
slow, each complete observation taking as much as half an hour. Even 
then, as has been pointed out by Tyrer (191%, 1914) in the parallel case of 
the determination of the isothermal compressibility, the latent heat evolved 
during the contraction of the liquid for a small change in volume is so small 
that it takes a long time for it to pass away and it is very difficult to bring 
the liquid back to the original temperature ; and it can easily be seen that 
even a very small alteration of the temperature will have a large effect on 
the final results. Hence it is obvious that for small pressures at least, the 
adiabatic coefficient can be determined much more easily and with a much 
higher degree of accuracy than the isothermal coefficient. 


Apart from these considerations, we find that it is the adiabatic 
coefficient and not the isothermal that is involved in several important 
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optical problems. The calculation of the adiabatic coefficient from the 


isothermal is also not an easy matter, since, owing to the refractive index 
of a liquid being, in general, a function of both density and temperature, the 
two piezo-optic constants do not stand to each other in the ratio of the 
respective compressibilities. In view of all these, a knowledge of the 
adiabatic piezo-optic coefficient appears to be highly essential. An experi- 
mental technique for its determination was therefore developed by Sir C. V. 
Raman and the present author (1939) and the results for six common liquids 
have already been given in a previous paper. ‘The discussion of the results 
with respect to the deviations from the Lorentz refraction formula and the 
variation of refractive index with temperature when the density is main- 
tained constant, yielded interesting results. It was thought that a systematic 
study of the several members of some homologous series of compounds 
would lead to an insight into the optical properties of liquids and their mole- 
cular structure and hence the present work on the first few members of 
the series of alcohols was undertaken as a continuation of the investiga- 
tion referred to. For a discussion of the results, an accurate knowledge 
of the temperature coefficients of their refractive indices was necessary 
and hence they were determined for the liquids under study, with a Pulfrich 
refractometer with provisions for heating the liquid by circulation of 
water. 
2. Experimental Arrangements 

It is essential in the case of the determination of the adiabatic piezo- 
optic coefficient that the pressure should be applied instantaneously to the 
liquid and, to avoid any changes of temperature and the consequent distor- 
tion of the fringes, it should also be released immediately. ‘The experimental 
arrangements and the technique used for instantaneous application and 
telease of pressure have been described previously. A Rayleigh interfero- 
meter of Zeiss was used. Since the measurements were made under adia- 
batic conditions, the one metre glass tubes provided for use with gases, 
were used to contain the liquid under study. Fig. 1 gives the arrangement 
used for the application of pressure. 

One end of the interferometer tube I is connected to a mercury mano- 
meter M, the other end being closed with a ground-glass stopper which is 
then firmly fastened to it. The large-bore three-way tap T, serves for the 
sudden application of pressure. The space between the liquid in the inter- 
ferometer and the mercury in the manometer is filled with water, which acts 
as the medium for transmitting the pressure to the liquid. The water is 
prevented from mixing with the liquid by filling the U-shaped attachment K 
to the side-tube of the interferometer with clean mercury. ‘There is a 
A2a F 
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Diagram showing the arrangement for the application of pressure. 


column of water above the mercury in the movable limb Is, of a height 
necessary to balance the weight of water in the other limb. L, can be 
adjusted to any height above the fixed limb L, by means of the drum and 
cog-wheel arrangement D. A paper scale is pasted on to the wooden 
frame of the manometer for rough settings of the latter, while a catheto- 
meter is used for reading the final mercury levels. 

The method of procedure in conducting the experiment is as follows: 
After the apparatus has been set up and the liquid is allowed to attain a 
completely constant temperature, all the taps are kept open and the level 
of mercury, which is the same in both the limbs of the manometer, is read 
with the cathetometer. The tap T, is turned so that the manometer is cut 
off and the limb L, is raised to any convenient height by rotating the 
drum D. By means of the drum operating the compensator of the inter- 
ferometer, one of the fringes of the upper system which is obtained by the 
interference of the two beams of light passing through the liquid under 
study is made to coincide with one of the lower reference system. Still 
looking through the eye-piece of the interferometer, the tap T, is turned 
suddenly so that the manometer is connected to the interferometer tube 
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while the side-tube of the tap is cut out. There is a sudden shift of the 
upper system of fringes in the interferometer and in general, in the new 
position, no fringe may coincide with the reference fringe. The pressure is 
immediately released by turning ‘I, so that the interferometer tube is open 
to the atmosphere while the manometer is cut out. The limb L, is slightly 
raised or lowered as necessary and the experiment is repeated till an integral 
number of fringes shift on the application of the pressure. ‘The tap T, also 
is then closed to ensure that there is no leak from the manometer and the 
final levels of the mercury in L,, and I, are then read with the cathetometer. 
The pressure applied is obtained by adding to the difference between the 
final levels in the two limbs a small correction for the rise of water in the 
fixed limb as given by the difference between the initial and final levels of 
mercury in it. ‘The actual number of fringes shifting at each pressure is 
easily obtained by a few trials starting from small pressures and increasing 
the pressure so that there is an increase of one fringe at a time in 
the shift. 


Four independent settings of the manometer were made for each 
integral number of fringes shifting, two from slightly lower and two from 
slightly higher pressures than necessary. ‘The values of the pressures agreed 
well among themselves and their mean was reduced to standard conditions, 
1.e., to 0° C., sea-level and 45° latitude. The adiabatic piezo-optic coefficient 


> 
kal was calculated from the formula 
Cc 
¢ 


op 


n is the number of fringes shifting, 


(54) = - x 76, where 
¢ "Po 


A is the wave-length of the light used, 
lis the length of the interferometer tubes, and 


pois the pressure in cm. of mercury reduced to standard conditions. 


It is necessary for the success of the experiment that the liquid 
should have attained a very constant temperature and all precautions were 
taken to secure this. The apparatus was set up in an underground cellar where 
there are no fluctuations of temperature. The thick metal frame of the 
interferometer was enclosed in an asbestos box having only two small 
openings at the end for the passage of light, the interspace between the 
interferometer and the box being packed with cotton. No lights were 
burned in the room except when taking readings, for which small 6-volt 
bulbs were used. A Zeiss sodium lamp was used as the source of light, and 
the resistance of the lamp was kept outside the room. 
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It has been previously pointed out that if the interferometer tubes are 
surrounded by air only, a correction for the differential expansion of the 
two tubes has to be applied. ‘This correction obviously vanishes if the two 
tubes are immersed in a bath of a liquid having the same refractive index 
as the liquid in the tubes. Since the alcohols have refractive indices near 
that of water, the latter can be used for the bath and the error introduced 
due to the small difference in their refractive indices amounts to less than 
the experimental error. Hence a water-bath for the interferometer tubes 
was constructed with end-windows of pyrex plates and arrangements for 
adjusting and fixing the tubes in position. 


In addition to eliminating the correction due to the differential expan- 
sion of the tubes, the water-bath considerably improves the appearance and 
steadiness of the fringes. Further the latter settle down to a steady posi- 
tion in a considerably shorter time now, so that when the fringes begin 
to get distorted due to the application and release of pressure several times, 
it is only necessary to stir the water well and leave the apparatus undisturbed 
for a few minutes, for the fringes to become steady again. 


The temperature of the liquid as shown by a thermometer inserted into 
the water-bath and the temperatue near the manometer were read at 
constant intervals correct to 0.1°C. The former was constant throughout, 
while the latter varied by a maximum of 0-4° C. during the experiment. The 
mean value of the latter was taken for correcting the pressure to standard 
conditions. 


After a period of working, the measurements tend to give larger values 
of the piezo-optic coefficient due to slight warming of the liquid. ‘Then it 
is necessary to leave the liquid undisturbed for some time before continuing 
the measurements. 


As regards the purity of the liquids, it may be mentioned that in the 
case of the isothermal coefficient, no essential difference in the values was 
observed by Rontgen and Zehnder between the most carefully purified 
carbon di-sulphide and the unpurified liquid and between commercial and 
purified thiophene-free benzene. In the present investigation Kahlbaum 
pure liquids freshly distilled were used and their purity was tested by 
comparing their refractive indices as determined in the next section with 
the values taken from the standard tables. A comparison of the values in 
columns 4 and 5 of Table VII shows that all the liquids were fairly pure. 

A complete set of readings for the case of methyl alcohol is given in 
Table I as a specimen, and the final values alone for all the liquids in 
Table Il. 
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|  Cathetometer Readings in cm. iit due | a 
No. ee change of | Correeted| pressure | 
of : . es aaa column | pressure | reduced to ( 
fringes| Initial | Limb 1 | Limb2 | Diiference ee | standard | 
| : conditions 
3 0). 684 4-687 | 0-724 3-963 0.003 | 3-966 | 
t-648 0-718 3+ 930 0.003 | 3-933 3+ 939 
| 
1.750 | 0-774 3-976 0-007 3-983 
+. 702 0-726 3-976 0-003 3-979 | 
{ 0.670 5-916 | 0.724 9-192 0-005 5-197 ; | 
5-954 | 0-717 5-287 | 0-005 | 5-242 5-194 | 
a 
6-030 | 0-817) 5-213 | 0-012 | 5-225 | 
6-016 0.764 5-252 0-007 | 5-259 | 
: ee 
- 5 0-655 7-283 | 0-760 6-523 | 0-008 | 6-531 | | 
| | 
7-288| 0-781 6-507 | 0-009 | 6-516 | 6-473 | 
7-245 | 0-738 6-507 | 0-006 6-513 | | 
7-319 0-820 6-499 | 0-012 | 6-511 
6 0.676 8-557 | 0-799 7-758 | 0-009 . 7-767 | | 
| | | 
8-546 0-751 7-795 0-006 | 7-801 | 7-752 
8-630 0.790 7-840 | 0.008 | 7-848 | 
8-569| 0-771 | 7-798 | 0.007 | 7-805 | | 
; | 0. 402 9.722 0-599 | 9-123 | 0.007 | 9.130 | | 
9.538 0-480 | 9.058 | 0.006 9.064 | 9-050 | 
0.076 | 9-844 | 0-753| 9.001 | 0-006 | 9-097 | 
9-940 | 0-793 | 9.147 | 0-009 | 9.156 
7 8 0-402 | 10-828 | 0 $89 10.343 | 0-006 | 10-349 : | 
10-986 | 0-582 | 10-404 | 0-013 | 10-417 10-328 | 
10-925 | 0.487 | 10-438 | 0-006 | 10-444 | | 
10-867 | 0-488| 10-379 | 0.006 | 10-385 | 
9 | 0-385 | 12.264| 0-526| 11-738 | 0-010 | ems] 
12.284 | 0.544 11-740 0-012 11-752 11-658 
| | 
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TABLE I 
Readings for Methyl Alcohol 
Temperature of the bath = 24-4° C. 
Mean temperature outside = 25-3° C. 
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Adiabatic Piezo-Optic Coefficients 











ar x 106 


Op 


Number 
of 
fringes 


Pressure 


oc | 
sea-level & | 
15° latitude } 


corrected to |Pressure 


for 
1 fringe 





34-52 + 0-07 


34-57 
34-65 
34-63 
34-69 
34-57 
0° C. 
36-06 


36-06 


+32 


Methyl alcohol at 24-4° ©, 
3-939 1-313 

5+ 194 1-299 
6-473 1-295 
7-752 1.292 
9-050 1-293 
10-328 1-291 
11-658 1-295 

Mean: 

2, Ethylalcohol at 24- 
3-727 1-242 

t- 966 1-242 
6-197 1-239 
7-442 1-240 
8-676 1-239 | 
9-906 1-238 
11-156 1-240 

Mean : 

n-Propyl alcohol at 24. 
2-687 1-344 | 
4.024 1-341 
5-359 1-340 
6-659 1-332 

7+ 987 1-331 | 
9-313 1-330 | 
10-693 1-337 


11-967 1-330 
13-332 


Mean : 


| 


1-333 


- 67 


33-59 | 


33.54 + 0-04 











1.204 


| 
| Ou 


(s0)6% 108 


Ls 


4. Iso-propyl alcohol at 25-5° @, 


3-611 37-19 
4.796 | 1-199 37-36 
6-003 1-201 37-28 
| 7-190 1-198 37-38 
8-416 1-202 37-26 
| 9.608 1-200 37-32 
| 
| 10-799 1-200 37-32 
| Mean: 37-30 £ 0-02 
sdeciabnnca sedceacdante 
5. n- Butyl alcohol at 24-5° ( 
| 4-068 - 33-03 
5-433 1-358 32.98 
6-792 1-358 | 32. 98 
8-179 1-363 | 32-86 
9-508 1-358 | 32.98 
10-918 | 1-365 | 32-81 
12.295 | 1.358! 32-98 
Mean: 32-95 A 0-03 
6. Iso-butyl alcohol at 25-5° C. 
| 9.474 1-237 36-20 
| 3.735 1-245 35-96 
| 
| 4-980 245 | 35-96 
| 6-222 1-244 35-99 
| 7-442 1-240 36-12 
| 8-698 | 1-243] 36-02 
| 9-922 1-240 36-12 
| 11-129 1-237 36-20 
| Tee 
| Mean: 36-07 + 0-04 
) 

















Num 


frin 








an | | 
Pressure | | Pressure | 
Number corrected to|Pressure aa) , Number lcorrected to Pressure du 
of O° C., | for (. ] | x 10° of Or <<. for ( = x 108 
fringes |sea-level & | 1 fringe \OP* P fringes | sea-level & | | fringe OP? dp 
$5° latitude} | | 15° latitude | 
| ae 4 ra ee 
7. n-Amylalcoholat 26-1° C, 8. Water at 23-1° C, 
f 
3 3-959 |} 1-320 | 33°92 ] | 3-054 3-054 14-67 
r 5-285 | J-33) 33-90 2 6-119 | 3-060 | 14-63 
5 6-551 1-310 34-18 3 9-168 | 3-056 14-65 
6 7-852 | 1-309 34.22 4 | 12-196 3-049 14-69 
| 
7 9. 154 | 1-308 34-25 
8 10-439 | 1-305 34-33 | 
| 
9 11-781 | 1-309 34-22 
nee | =e aaa a 
| Mean: 34-15 + 0-06 | | Mean: 14-66 + 0-01 
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TABLE 1I—(Conitd.) 







































3. The Temperature Coefficient of Refractive Index 

The existing data on the temperature coefficient of refractive index for 
the liquids studied do not agree well among themselves as can be seen from 
a glance at Table IV. Hence a careful determination of the temperature 
coefficients for the same samples of liquids as were used for the determina- 
tion of the adiabatic coefficient was carried out. A Pulfrich refractometer 
with the arrangements for heating the liquid was used. Water was circu- 
lated at a constant rate, by means of a small circulating pump run by a 
motor, from a Dewar flask through a brass coil immersed in a heating bath 
of oil, to the prism of the refractometer and its heating collar, back again 
to the flask. Since the place was absolutely free from draughts, a very 
constant temperature was attained by this arrangement, the temperature 
remaining constant to 0-1° for about two minutes and within 1° for more 
than half an hour. Measurements were made only after a sufficiently long 
time after the thermometer had become nearly stationary, so as to ensure 
that the liquid had attained the temperature indicated by it. Also in some 
cases, the liquid was heated to a higher temperature for some time and then 
allowed to cool down to the lower temperature for making measurements. 
Readings were taken, in the case of each liquid, at seven or eight tempera- 
tures to cover the range from 25° to 50 °C. ‘The corrections for the prisms 
at different temperatures were taken from the tables provided with the 
instrument. 
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The temperatures and the corresponding indices of refraction, for the 


Refractive Index at Various Temperatures 





A 
p- aa f 


(Observed) 


7. Vethyl alcohol 


-35 1- 32622 | 1.32622 
Zt 628 627 
2-0 147 447 
-3 202 210 
“15 222 216 
2 L-31879 1-31876 
3-0 917 921 
-5 944 | 940 


by 1- 33648 0-0003754 t 


2. Ethyl alcohol 


bo 


1-35902 1-35908 

-8 767 765 
91 586 

a) >S4 379 

5 259 260 
5 135 140 


#z — 1-36990 — 0-0003978 t 


3, n-Propyl alcohol 





5 1-38397 1- 38399 
4 363 | 363 
156 156 
3 O13 Oll 
9 1.37775 1-37776 
2 681 | 683 
9 | 572 574 
7 | 462 | 461 


ey, 1-39390 0-0004045 t 


| , . 
|} (Calculated from 
the equation) 





“ | we 
(Observed) | (Calcul 


the e¢ 


Iso-propyl alcohol 
1-37489 
416 


| 

| 

120 | 
1.36988 | 
| 





825 S28 
652 | 636 
529 540 
1-38612 — 0-0004352 t 

n- Butyl alcohol 

1- 39647 | 1- 39650 
662 661 
400 398 
139 135 
O16 | O13 

1.38846 | 1.38844 
857 | 864 

1-40721 — 0-0004110 t 

Iso-butyl alcohol 

1-39266 | 1.39268 
170 172 

1-38935 1-38932 
899 896 
737 731 
714 711 
614 614 
429 435 

ee OE cnn 


alcohols studied, are tabulated in Table ITI. The refractive index-tempera- 
ture graphs were plotted and were very nearly straight lines in all cases in 
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bo 


Kr 


the temperature range studiec 


as also the refractive indices 


Temperature C 


calculated from these equations. 


m 
(Observed) 


& 
(Calculated from 
the equation) 


n-Amyl alcohol 
1-40505 1.40513 
429 429 
240 220 
147 143 
1- 39988 1-39987 
866 864 
681 } 687 
1-41597 — 0-0004107 t — 
1. The equations of the form p; = py + mi 


were deduced by the method of least squares from the data and are given 


at the various temperatures of observation, 


Table IV compares the values of a 


obtained with the values of other observers. 


TABLE IV 





du 


~ at 
| (author) 


Liquid —_ 


Methyl alcohol 37-5 
Ethyl alcohol 39°38 
n-Propyl alcohol .. 40-5 
iso-Propyl alcohol 43-5 
n- Butyl alcohol tle 
iso-Butyl alcohol.. 11-8 
n-Amyl alcohol .. | 41-i 
Water 





oeficient of Refractive Index 


du ~ 

- 10° 

dt 10 Observer 
| (others) 


$0 (I) (18 to 23° C.) Landolt, 1864 

36 (18 to 39° C.) Gladstone and Dale, 1863 
49.2 (— 8to 31° C.) Ketteler, 1888 

40-4 (9 to 38° C.) Korten, 1890 

10-9 (Cal. at 24° C.) Hall and Payne, 1922 
38-6 (0 to 45° C.) Korten, 1890 

41 | (15-5 to 80-2° C.) Eykman, 1893 


35(He) | Timmermans and Hennant- Roland, 1932 
42 (Hy) | (16 to 26° C.) Landolt, 1864 


(Cal. at 23-1° C.) Mean of several observers 


9-6 
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4. Other Data for Discussion 


In addition to the refractive index and its temperature coefficient, an 
accurate knowledge of a the coefficient of cubical expansion, C, the Specific 
heat, 8, and f, the isothermal and the adiabatic compressibilities and (s) 

ry) F 
the isothermal piezo-optic coefficient for each liquid, at the temperature 
at which the adiabatic piezo-optic coefficient has been determined, is required 
for the discussion of the results. The available data tor each have been 
carefully examined and the most reliable have been taken for the calcula- 
tions. The existing data on a calculated at the temperatures of the experi- 
ments are tabulated in Table V. The values calculated from the density 
temperature relations taken from the International Critical Tables and the 
Landolt-Bornstein Tabellen agree well with the other values and are used 
where available. The available values of C, for all liquids studied have 

TABLE V 
The Coefficient of Cubical Expansion* 











| a-10° 
| Temp. =e 
Liquid | C, Densit y Av.of values 
temperature] quoted by Others 
relations | Shiba, 1931 
{ 
Methyl alcohol ..) 24-4 | 120-0 LL8-5 119 (O0-30°) Timmermans and Hennaut 
Roland, 1930 
Ethyl alcohol ..| 24-0 109-1 108-5 | 110-1 (0-30°) Tamman and Hirschberg, 
1894 
108-5 
n-Propylalcohol ..| 24-1 99-3 | 98-4 99 (0-30°) Timmermans and Delcourt, 
1934 
iso-Propyl alcohol 25-5 105-4 108-6 106 (0-30°) Timmermans and Delcourt, 
| 1934 
n-Butylaleohol ..) 24-5 88-7 94-8 93 (0-30°) Timmermans and Martin, 
} 1928 
iso-Butylalcohol..| 25-5 97-9 | 97-6 94 (0-30°) Timmermans and Martin 
1928 
n-Amylaleohol ..| 26-1 88 (0-30°) Timmermans and Hennaut 
| | Roland, 1932 
| | 120 (0-30°) Lievens, 1924 
| | 
Water «o} S3-1 | 93-92 | | 
— a 
wd*0d | 
23-61 | 
} 


* The values italicised have been usedinthe following calculations as being the most reliable. 
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been quoted by Shiba (1931). Their averages corrected for temperature 
have been taken. For amyl alcohol, the value of Parks, Huffman and 
Barmore (1933) and for water, the mean of the values of several observers 
taken from the J.C.T. are used. 

Table VI gives the values of the compressibilities obtained by various 
authors. The values of Shiba (1931) seem to be the latest and agree well 


. ’ : fo 
with those of others and have been used where available. [{ 36 ) calculated 
\ 
\ t 


at the required temperatures from the measurements of R6ntgen and 
Zehnder are taken. 

The final results of the experiments together with the various other 
relevant data are gathered together in Table VII. 
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5. Discussion 


(a) The deviations from the Lorentz refraction formula.—It has been shown 
that since the Lorentz formula presupposes that the refractive index js a 
, :; d 
function of density alone, the elasto-optic coefficient p A should be the same 
p 


under whatever physical conditions it is determined, and should be equal to 
(u2 — 1) (uw? +2) 


: In other words, 
Op 


(*) a (S*) 
p op/ p ae op; 
sut it can be easily seen that 
“) l (3) (> l (oe) (=) l (SE 
sia) a ; : = and = . . 
4 (5, p a \dt Jy’? \oph, ~ B \aph, P\2p)5 By 0b), 


Hence we should find that 


a (?") 1 (2H Pas .(% _ (Hw? — 1) (we +2) (2) 

a \ot/, Bp \Op/; By \Oplg Op ' 
A comparison of the values of the elasto-optic coefficients calculated from 
the various physical constants occurring in (2) with the values of 
(uw? — 1) (w? + 2) 


(Hy) De +2 ‘ 
op Pp 6 , . 


has been made in Table VIII and reveals some interesting 














bu 

features. 
TABLE VIII 
Deviations from Lorentz Refraction Formula 
a A en na a En ce 7 : —— 
Py | 
|_| oR | 2G). | ey | PBs 
Liquid "a | 1 >) 4 >) + >) | (w2—1) (p2 9) 
| (0 p “—°G si Bh (sp p- 6p 
Methylalcoho] ..| 24-4 0.3125 0-3359 0 -3275 | 0 +3598 
Ethylalcohol --| 24-0 0.3658 0-3743 00-3716 | 0.4013 
n-Propylaleohol ..| 24-1 0.4079 0-3981 0-3846 0.4319 
iso- Propyl alcohol 25-5 0-4127 0 -3732 0-3795 0-4200 
n-Butylalcohol ..| 24-5 0-4458 0.4154 0.4028 0.4488 
iso- Butylalcohol ..| 25-5 0.4270 | 0.4086 0-3981 0-4439 
n-Amylalcohol ..} 26-1 0 -4670 | 0-4318 ee 0.4596 
Water oo 33-1 0.4034 | 0.3249 0.3208 0-3665 
| 
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: d 
The theoretical values of p = as derived from the Lorentz formula are 
dp 


always higher than those observed for pressure changes (as was previously 
found to be the case in the liquids benzene, carbon di-sulphide, chloroform 
and ethyl ether also). 


The existence of the anisotropy of the polarisation field in liquids has 
been clearly demonstrated and this idea has been used by Raman and 
Krishnan (1928) in proposing a new theory of refraction taking this into 


” 

O : . : F 

account. p te gives the change of refractive index by a change of density 
t 


brought about by pressure alone, thus eliminating the effect of temperature, 
and hence the difference between this and the theoretical value given by 
the Lorentz formula should be due to the anisotropy of the polarisation 
field alone. ‘This difference is of the same order in the various alcohols 
varying from 0-024 to 0-047 and is considerably less than in carbon 
disulphide (0-083) and benzene (0-063). 


The values of the elasto-optic coefficients at constant entropy and at 
constant temperature do not vary much among themselves, since the 
difference between them is only that part of the change in refractive index, 
due to the very small rise of temperature during adiabatic compression, 
which arises because of the existence of a pure temperature coefficient of 
refraction. Actually this difference 


Ge), Ge GG 
ary o > \ph dt Jp \Oply Po. 
In the case of the variations of refractive index due to temperature 


; . > 
changes, there is a large difference from p(x) (the latter being 
p 


Lorentz 


greater here alsb) in the case of methyl alcohol; but this difference dimi- 
nishes steadily as we pass on to the higher alcohols and in m-amyl alcohol, 


) ; 
p(3*) is slightly greater than the theoretical value. In water also 
Pl» ; 


there is a large difference but in a direction opposite to that of methyl 
alcohol. 


(0) Temperature variation of refractive index at constant density.—The 
formule giving the variation of refraction with temperature at constant 
density by a comparison of the change of refractive index due to temperature 
change with that due to isothermal and adiabatic pressure changes respec- 
tively, are 
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e) =| (st 1g HY) 
‘6 ), = i. 4} + B, (se ) | [6 and 


(2), = C9), +08) G), +1 


) 

é 
Or expressing in terms of the differences between columns 4 and 3 and 
columns 5 and 3 in Table VITI we have, 


i) ) 
= , and 
ate p’ 


) a aC) 
Ae Vi ; (3), | 


(sr), = {0 (38) 
ot p — i” dp o dp p? le . B. \r where 


of ‘ ; ’ ‘ 
ix) is the small change of temperature due to adiabatic compression by 
C p ‘ 





1 atmosphere pressure and is given by 


ot Ta 
= — « 101325 x 10°. 
a ¢ JC, 


4 ° ‘ = Pi) L 
The values of the pure temperature coefficient of refractive index ( f ) 


p 
are given in columns 3 and 4 of Table IX together with the ordinary 


temperature coefficient in the last column for comparison. It must be 


”) 

. C 7 

mentioned here that the values of (SF) are affected very much by even a 
tI 


TABLE LX. 


Variation of Refractive Index with Temperature at Constant Volume 








Dp .~i| a e's 
(2) oo? | i 10° ou 15 
Temp. of p Ot / p (5; , > 10 
Liquid | > C. | Calculated — | Caleulated re 
| from adiabatie | from isothermal (Observed) 
coefficients — | coefhicients 
== i 
Methyl alcohol | 24-4 1-6 2-8 — 37-5 
| } 
Ethyl alcohol 24-0 0-5 0.9 | 39.8 
n- Propyl alcohol | 24-1 2.0 - 1-0 40.5 
iso-Propylaleohol .. oa 25-5 — 3-1 — 4.93 | - 43.5 
n- Butyl alcohol 24-5 35 — 2.9 , Saat 
iso-Butylalcohol .. 1 25-5 | 2-5 — 1.8 —i 
n- Amy] alcohol rr ae 26-1 | 3-1 aw Gh} 
| 
Water ais a 23-1 | 1-9 on = Get 
| 
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small error in the value of the temperature coefficient of refractive index 
used in the calculations, and the latter seems to vary much with the purity 
of the liquid, as can be seen from the large difference between the values 


: m2) : i 
given by the various workers [e.g., (F) .10° = 40 and 36 in methyl alcohol, 
: é 


36 and 42 in m-amyl alcohol]. Hence the necessity for a careful determina- 
tion of the temperature coefficient of refractive index. 


ot 
1¢ 
methyl and ethyl alcohols and is greater in the former of the two. From 
n-propyl alcohol onwards, it is in the same direction as the ordinary tempera- 


n) 

Op . . . . . . . 

( 4 is opposite in sign to the ordinary temperature coefficient in 
p 


ture coefficient and in the normal alcohols increases in magnitude as we go 


/ 


. — : . }O 
up the series. In water it is very large being about 20% of (H) and has 
i 
the same sign as the latter. 


In the case of the alcohols, an attempt at explaining the existence of 
the pure temperature coefficient is rendered difficult by the possible influence 
of such factors as association. A study in the first instance of some simple 
series of substances such as the hydrocarbons may be more easy of 
explanation. 

The author takes this opportunity to record his grateful thanks to 
Sir C. V. Raman under whose guidance the above work was carried out. 

6. Summary 

The adiabatic piezo-optic coefficient defining the change of refractive 
index of liquids due to adiabatic compression has been measured for seven 
members of the series of alcohols by the method developed in an earlier 
paper by Sir C. V. Raman and the present author, and the results for water 
have been added for comparison. ‘The values of the adiabatic piezo-optic 

: Y) es Ge ap 
coefficients, (3) x 10° are 34-52 for methyl alcohol at 24 -4°C., 36-12 for 
p 


ethyl alcohol at 24-0°C. 33-54 for 2-propyl alcohol at 24-1°C, 37-30 for 
iso-propyl alcohol at 25 -5°C., 32-95 for n-butyl alcohol at 24 -5°C. 36-07 for 
iso-butyl alcohol at 25-5°C., 34-15 for -amyl alcoholat 26-1°C., and 14-66 
for water at 23-1°C. The temperature coefficients of refractive indices, 
n) a a 
ih x 105 for the various alcohols were — 37-5, — 39-8, — 40-5, — 43-5, 
ié 
—41-1, —41-8, — 41-1 respectively. 

The experimental results have been discussed with reference to (a) the 
deviations from the Lorentz refraction formula and (b) the temperature 
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variations of refractive index at constant density. The elasto-optic 
coefficients calculated for pressure changes at constant temperature and at 
constant entropy are always higher than the theoretical value given by the 
Lorentz formula and the difference between that at constant temperature 
and. the theoretical value, which is due to the anisotropy of the polar- 
isation field is considerably smaller in the alcohols than in carbon disulphide 
or benzene. The elasto-optic coefficient calculated for temperature changes 
steadily approaches the value given by the Lorentz formula as we proceed 
up the series of alcohols. ‘The pure temperature coefficient of refractive 
index is positive in methyl and ethyl alcohols, being larger in the former. 
It is negative from n-propyl alcohol onwards and increases in magnitude 
in the normal alcohols. 
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7. Introduction 


PoISEUILLE’S method is an easy and direct method of measuring the visco- 
sity of a liquid. Under the usual experimental conditions, however, the 
pressure differences attainable are so low that the rate of flow becomes 
inconveniently small when we want to apply this method to very viscous 
liquids such as castor oil or glycerine. The viscosity of such viscous liquids 
is usually determined by either the method of coaxial cylinders or the method 
of the falling sphere. Both these methods have however certain obvious 
disadvantages. Of late, the theory of the oscillating discs and spheres has 
been well developed but in employing the concerned formule, various 
approximations have to be made and these tell upon the accuracy. It is 
therefore very desirable to use Poiseuille’s method itself for determining the 
viscosity of even the very viscous liquids by introducing the necessary 
modifications. 

In the present investigation, a modified method of using the Poiseuille’s 
apparatus with highly viscous liquids is described. Additional arrange- 
ments are provided for controlling the temperature and for keeping the 
apparatus dry in the case of hygroscopic liquids. 


2. Description and Working of the Apparatus 


An apparatus similar to the one described below has been used by 
Poiseuille! himself but there are certain essential respects in which the two 
methods are different as will be apparent from the description. The appa- 
ratus (Fig. 1) consists of a long capillary (C) to one end of which is attached 
a bulb (B) of about 100 c.c. capacity. The capillary is carefully calibrated. 
The one that has been used by the author has a cross-section of 0-0008005 
sq.cm., and a total length of 30-5 cm. On the capillary there are two 
marks a and } at a distance of 16-58 cm. ‘These marks are used to calculate 
the rate of flow of the liquid. This whole combination is enclosed in a glass 
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jacket with an inlet and an outlet. This jacket, inside which is placed a 
thermometer (T), forms the temperature bath. 


The ends of the apparatus are connected by means of pressure tubing 
through a system of stop-cocks (X and Y) to a reservoir (R). The reservoir 
in its turn is connected to a manometer (M). 


The main part of the apparatus is detached from the reservoir and filled 
with the liquid by placing the apparatus vertical and filling from the bulb 
end while the apparatus is being evacuated from the other end. In filling, 
care is to be taken to avoid air bubbles. It is then connected to the reservoir 
which contains a liberal quantity of P,OQ;. This keeps the liquid in the 
apparatus always dry. 


Air is pumped into the reservoir to a required pressure. Water at the 
desired temperature is circulated in the temperature bath. A small pellet 
of mercury (about 5 mm. length) is inserted into the capillary with the help 
of the pressure in the reservoir. The pellet is pushed well beyond the 
mark 6. With the help of the system of stop-cocks X and Y, the pressure 
in the reservoir is applied to the liquid at the bulb end. Under this pressure 
the liquid flows through the capillary carrying the pellet with it. The 
quantity of liquid flowing is always equal to the volume of the capillary 
between the marks a and b. The time taken for the pellet to move from ) 
to a is noted. This gives the rate of flow of the liquid. The pressure 
difference to which the liquid is subjected is read from the manometer. 
Allowance is made for the head of liquid standing in the tube beyond the 
bulb. ‘The total length of the capillary and its radius are known. Substi- 
tuting these quantities in the well-known Poiseuille’s formula, we directly 
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obtain the viscosity of the liquid. By varying the temperature of the bath, 
viscosity at various temperatures can be found. 


It has been found that the apparatus is very reliable and is capable 
of reproducing the results to a high degree of accuracy. The use of the 
reservoir gives a definite advantage unsecurable under ordinary conditions 
of experiment as the volume of the reservoir is so great that during the 
course of a set of observations, the change in the difference of pressures 
is very small. To obtain a reading with liquids of moderate viscosity, it 
takes only a few seconds whereas with liquids of high viscosity it takes 
a few minutes. 


3. Variation of the Viscosity of Glycerine with Temperature 


A few chosen liquids have been investigated with this apparatus and 
the standard values have been confirmed. They need not be reproduced 
here. Amongst the various common liquids, glycerine needs special 
mention. It is a liquid which would call forth the use of an apparatus of 
the type developed here. It is hygroscopic and has a viscosity which is 
very high at the room temperature but falls off rapidly with increasing 
temperature. The fact that no recent data regarding the viscosity of 
glycerine are available is presumably due to the experimental difficulties 
that come up when we try to secure such data. The values now accepted 
are those of Sch6ttner? obtained in the year 1878. These values extend 
over a temperature range of 2°C. to 28° C. only. As an example of the use 
of the apparatus developed in the present investigation, glycerine has been 
taken up for a detailed study. 

Doubly distilled glycerine of density 1-26 is taken and viscosities at 
different temperatures in the range of 30°C. to 75° C. have been measured. 
The values of the author together with those of Schottner are tabulated 
in Table I. 


TABLE I* 





Temperature "Si, «0 oe 8-1 14-3 | 20-3 | 26-5 | 32-5 44-0 | 0d+5 ) 64-5 75-0 


gs | | 
Viscosity observed | 42-2 | 25-18] 13-87 | 8-30 | 4-94 | 4-19 | 1-68 | 0-941 0-559 | 0-365 
| | 











8 | | | 
Viscosity calculated| 31-0) 20-75] 13-27] 8-53 | 5-51 | 3-62 | 1-86 


| 





0-906 | 0-550 | 0-319 








* The values at the first five temperatures are those of Schéttner. The rest are 
due to the author. The viscosity is expressed in C.G.S. units. 
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The simple formula yy Ae®! fits the values of both the authors reason- 

ably well if we adopt the following values for the constants. 
A =7-23 x 10*; B — 6135. 
No attempt is made to fit the figures into a more acceptable formula as the 
values over the different ranges are from different observers. 
4. Summary 

A modified method of using Poiseuille’s apparatus for measuring the 
viscosities of highly viscous liquids at different temperatures has been 
described. Glycerine has been chosen as a typical example for study and 
the viscosities obtained with this liquid at different temperatures are given. 

The author wishes to thank Prof. S. Bhagavantam for his kind 


encouragement during the course of this work. He is also indebted to the 
Andhra University for the grant of a research fellowship. 
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I. Introduction 
Tue rock-cut temples at Badami (15° 55’ N. and 75° 41’ E.) are situated in 
the Kaladgi Collectorate, Bijapur District, in the Deccan, on the metre gauge 
line of the M.S.M. Railway, connecting Gadag with Sholapur. The caves are 
excavated in the face of an almost perpendicular scarp of hard, sandstone 
rock, very near the town of Badami, the ancient Chalukyan capital. Three 
of them are Brahminical and one Jain. 

It is likely that the caves were once fully painted over. But the paint- 
ings have suffered so much damage through vicissitudes of time and elements 
that only a few of them are left in tact. Remains of them, however, still 
occur on the concave surface of the heavily vaulted cornice in Cave No. IV. 
Burgess' and Codrington? have given reference to the Badami paintings, 
but it was Dr. Stella Kramrisch,? who made a systematic study of them, and 
drew attention to their importance. 

These are the earliest examples of Brahminical wall paintings, which 
can be definitely dated. ‘The Cave IV has a dated inscription of King 
Mangalisvara, son of Pulakesin I of the Chalukyan dynasty. It records the 
completion of the cave in 578 A.D. Thus the paintings should have been 
executed about the same time or a little later. This dating is also confirmed 
from other sources. ‘The paintings in Cave IV have a peculiarly interest- 
ing relationship to the decorations of ‘‘ Chosroes and Shirin’”’ in Cave No. I 
at Ajanta. This scene, it must be admitted, is a testimony of the embassy 
of the great king who visited the court of Pulakesin I in 625 A.D. Thus 
the paintings in Cave IV probably date from 6th or 7th century A.D. 


II. Experimental Investigations 


In order to reconstruct the methods and materials used by the 
Chelukyan artists at Badami, some fragments of painted stucco from Cave IV 
Were supplied to the author through the kindness of the Director-General 
of Archeology in India. ‘he painted stucco consists of rough plaster of clay 
supporting the layer of paint. 
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In discussing the methods of production of these paintings, there are 
four principal elements to be considered, namely, the carrier, the ground, 
the pigments and the binding medium used with the pigments, 

l. The Carrier.— 

The paintings are on the cornice in Cave IV. Hence the rocky surface 
of sandstone acts as the carrier, supporting the plaster and the pigment, 
The rocky surface has been left rough so that the plaster might adhere 
firmly to the surface. The hard, compact, non-porous surface of sandstone 
has eliminated the possibility of any efflorescence appearing on the surface, 
2. The Ground.— 

The following experiments were conducted in order to determine the 
nature of the ground that had been prepared by the Badami artists to 
receive the paint :— 

Study of the microsection..—A microsection of the painted stucco show- 
ing all the different layers composing it was prepared.* On examining it 
under the microscope, it revealed the presence of a single line of cleavage or 
junction at a depth of 0-1 mm. below the top of the painted layer. This 
junction suggested the presence of two distinct layers in the stucco, namely, 
these of the rough plaster and the paint film. There was no evidence for 
the existence of a third layer of fine plaster such as is found in other ancient 
wall paintings in India.’ The thicknesses of the different layers were as 
follows :— 

Rough plaster .. ba os .. 0-4 mm.-0-6 mm. 
Paint film .. O-l mm. 

Thus the painted stucco at Badami is relatively much thinner than 
those at Ajanta,’ Ellora,s Bagh,® Tanjere,!® Sittannavasal," etc. 

On account of the extreme thinness of the stucco and the rough plaster, 
and their tendency to crumble easily, it was not possible to split up the 
stucco along the junction. 

Size of the particles in the plaster.—The rough plaster was completely 
freed from the paint layer and crushed gently between the fingers. It was 
then subjected to the mechanical separation of the particles composing it 
by Robinson’s method.” ‘The particles were very small and varied in size 
from 14 » to 70 w and consisted mostly of particles of silica and alumina. 
It may be remarked here that similar small particles have not been met with 
in the rough plaster from other Indian sites already referred to. Since the 
particles were extremely small and the surface of the rough plaster was 
relatively smoother than those from other sites, fine plaster was found 
to be quite unnecessary. 
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Analysis of the rough plaster.—In order to determine how the rough 
plaster, which carries the paint, was prepared, its chemical composition was 
determined. ‘The results of chemical analysis of representative specimens 


are as follows :— 





| 

Rough 
Plaster 
| (Per cent.) 











Moisture... =e ate “al 2 -55 
Combined water and organic matter. ; 25 -68 
Silica, SiO, sa sh ..| 43-98 
Iron, Fe,O, a a : ; 1-75 
Alumina, Al,O, | 21 -28 
Manganese, MnO os Bis ‘ | 0 -21 
Lime, CaO ee ce | 2 -97 
Magnesia, MeO ane ae ae 0-49 
Alkalies oe ee i oxi 0-87 
Phosphorus, P,O; .. “is “A 0-09 
Titanium, TiO, ew - - Trace 
Nitrogen, N» ne ie eal 0-16 

TOTAL .. 100 -03 








The results of analysis show that silica and alumina are present in 
comparatively large proportions. Iron and lime occur to the extent of 
1-75% and 2-97% respectively. Their proportion is so low that they 
could have been present only as impurities, and not purposely added. 
Hence the consolidation of the plaster has not been brought about by lime. 
The proportion of combined water and organic matter is 25-68%. The 
organic matter must be partly the vegetable fibres present in the plaster 
and partly the organic binding medium, if any, present in the plaster. 
The proportion of nitrogen shows that organic nitrogenous substance, prob- 
ably in the form of an organic binding medium, is also present. The other 
impurities occurring in the plaster are not of much significance. 
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Silica, iron and lime serve as the inert materials.'% 

Technique of laying the ground.—The rough plaster could be notched 
between fingers and easily reduced to powder. It readily softened in cold 
and boiling water. Thus, any binding medium, if present in the plaster, 
must be water-soluble, and not lime. <A fragment of the rough plaster 
failed to answer Molisch’s test with a-naphthol, thereby showing the absence 
of gum. Methylene blue, and methyl violet imparted no stain to the 
plaster, but acid green and iodoeosin stained it." Hence glue is present in 
the rough plaster as the binding medium. In addition, the consolidation 
of the plaster has also been brought about by the plasticity of clay and 
the vegetable fibres!® present in it. 

Method of laying the ground.—From the experimental investiga- 
tions, it is clear that the artists prepared the rough plaster of earth containing 
a large proportion of clay. It was then worked with water and glue. In 
order that the plaster might consolidate properly, vegetable fibres were also 
added. ‘The plaster was applied to the ceilings and cornices and probably, 
also to the walls to a thickness depending upon the inequalities of the 
surface of the carrier and smoothened, probably with a trowel or a polishing 
stone. No fine plaster was applied over the rough plaster. 

3. The Pigments.— 


The following pigments were identified?” :— 


Yellow Ochre. Lime. 
Red Ochre ‘Terre verte. 
Carbon. 


4. The Binding Medium.— 

The Binding Medium determines the nature of the technique adopted 
in painting, that is, whether it is one of fresco, tempera, or the like. The 
paint film readily softened in cold and boiling water, and disintegrated. 
Hence the technique adopted is not fresco. It is evident that a water-soluble 
binding medium has been used. That gum has not been used as a binding 
medium was shown by the failure of the paint film to answer Molisch’s test 
with a-naphthol. Methylene blue and methyl! violet failed to stain the paint 
film, but acid green and iodoeosin stained it.’% Thus the binding medium 
should have been glue or casein. But a small fragment of the paint film was 
covered with a drop of water on a microscopic slide and the water evapo- 
rated. A glue ring characteristic of glue crackle!® was formed, which was 
seen through a microscope. hus glue has been used as a binding medium. 

Since the technique used is one of tempera, it is difficult to find out the 
extent of the work that was done in the course of a single day from a study 
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of the joins in the plaster between each day’s work. No joins were visible. 
It is likely that they were obscured by the colouring of the background. 
- In conclusion, the author’s thanks are due to Mr. J. F. Blakiston, 
x formerly Director-General of Archeology in India, for helping him with the 
3 painting materials on which investigations were carried out, and to 
: Rao Bahadur K. N. Dikshit, Director-General of Archzeology in India, and 
; to Dr. F. H. Gravely, Superintendent of the Madras Government Museum, 
: for their interest in these investigations. 
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THE magnetic method has recently afforded useful information on the 
valency of particularly the paramagnetic ions since changes in principal 
valency bring about changes in magnetic moments which can be corre - 
lated with atomic structure. 


In general, atoms in which the sub-groups are incompletely filled 
exhibit paramagnetism. Sommerfeld,' Bose,” Stoner? and Van Vleck! have 
obtained the following derivation for the paramagnetic susceptibility of 
ions of the transition elements :— 

_N PP {4S (S + 1} 
=~ 3k (L) 

Manganese exists in different valency states, but comparatively little 
use has been made of this method in defining the structure of compounds of 
this element. 


Manchot and Gall® claim to have obtained complex salts of univalent 
manganese. On account of their extreme instability, Szego and Ostinelli® 
found magnetic determination of the complexes impossible. 


The paramagnetic susceptibility of bivalent manganese salts has been 
extensively studied.? The number of Bohr magnetons was found to be in 
agreement with the value resulting from spin only, v7z., 


wh 


VAS | 1) = 5-92. 

Johnson,’ and Jackson® determined the susceptibility of the com- 
pounds of trivalent manganese and fonnd the value of magnetons to be 
very nearly the theoretical value for trivalent manganese, namely, 

V45 (S + 1) £-90. 

The permanganates exhibit feeble paramagnetism independent of 
temperature as is theoretically predicted for the element in the septa- 
valent states. 
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It is obvious from the instances quoted that the co-relationship betwee 
paramagnetism and valency can be utilized in determining the valency of 
this element and the present investigation was, therefore, undertaken in 
order to elucidate the constitution of some of its compounds of indefinite 
structure recorded in literature. 

Experimental 

The various products to be investigated were prepared as follows :— 
Mangano-halides of Pyridine. 

Compounds of pyridinium halides with manganese halides have been 
described by several authors. They include compounds of the type 
(i) MnCl,-2C;H;N- HCl (Pincussohn'*) and (ii) MnCl,. 2C;H;N (Reitzen- 
stein!!). 

Reitzenstein described the latter compound as light green and assigned 
to it the above formula containing quadrivalent manganese, mainly on the 
ground that the more probable formula which fitted his analysis equally 
well had already been assigned by Pincussohn to his yellow compound (i). 

Meyer and Best!® prepared a corresponding bromo-compound whieh 
was of white colour, resembling that of Pincussohn’s and they gave 
MnBr, . 2C;H;N.HBr formula to their compound which supported 
Pincussohn’s work and _ criticised Reitzenstein’s formulation of his 
compound (ii). 

Taylor? investigated the anomaly presented by the three different 
colours assigned to salts of similar composition and he suggested that the 
light green salt (i1) is (C;H;NH).. MnCl, and Pincussohn’s yellow compound 
is an impure specimen of salt (ii) associated with small amounts of a 
pink compound MnCl,.C;H;NHC1.H,O which had not been described 
previously. 

In the present investigation the two compounds were prepared by 
the following method :— 

1. The hydrated manganous chloride (62-5gm.) was dissolved in 
pure conc. hydrochloric acid (750 c.c.) and 50 gm. of pyridine were 
added. ‘The liquid was evaporated to 100 c¢.c. and on cooling, pink needle- 
like crystals were obtained. ‘The crystals were washed with alcohol and 
dried under vacuum. (Found: Mn = 21-2%; Cale. = 21-2%.) 

2. The green compound was obtained in a pure form by repeated 
crystallisation of the compound from the filtrate. The crystals were 
washed with absolute alcohol and dried in vacuum (Taylor!’). (Found : 
Mn = 15-4%. Cale. = 15-4%.) 
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» 


3. Potassium Mangani-Chloride. K,MnCl,.—The compound was pre- 
pared in the following manner: 5 gm. of potassium permanganate were 
warmed with 150c.c. of glacial acetic acid until energetic reaction com- 
menced, ‘The flask was immediately immersed in a low temperature bath 
of ice and salt, and the solution saturated with dry hydrogen chloride. 
The undissolved dioxide of manganese was filtered off, the solution again 
cooled and re-saturated with hydrogen chloride. The dark shining crystals 
that separated out were filtered, washed with cold hydrochloric 
saturated with hydrogen chloride gas and dried over soda-lime 
reduced pressure. (Found: Mn 16.3%, : Cate. = 16.2%.) 


acid 
under 


1. Silver Permanganate.—Saturated solutions of potassium permanga- 
nate and silver nitrate were mixed in stoichiometric proportions, the 
temperature being kept in the neighbourhood of 0° C. The dark violet 
crystals that separated out were drained from the mother-liquor under 
suction. ‘The salt is fairly soluble in warm water. It was repeatedly 
crystallised from it, and the crystals were dried under vacuum at a low 
temperature. 


The compound was analysed for silver by Volhards method :—A known 
weight of the compound was treated with a little nitric acid, the precipita- 
tated manganese dioxide filtered off and the solution titrated against 
standard sulpho-cyanide solution. The permanganate MnO,’ was deter- 
mined directly by titration. (Found: Ag = 47-60% ; Cale. = 47-58%.) 
(Found : MnO,’ 52-17% ; Cale. = 52-42%.) 

5. Potassium Mangani-Cyanide. K 5M, (CN)s.—Manchot and Gallé 
reported the complex cyanide compounds of sodium and potassium in 
which manganese exhibits univalency. The compound was prepared by 
the reduction of Na,Mn (CN),. 10gm. of sodium mangano-cyanide 
prepared from manganous acetate and sodium cyanide’ were dissolved 
in 2% sodium hydroxide and 8 gm. of aluminium powder added in small 
amounts at a time. After 5 minutes when the solution had acquired 
golden yellow colour it was rapidly filtered into a solution of 30 gm. KOH 
and 60 gm. KCN, saturated with potassium chloride. A white finely 
divided precipitate was formed. This was removed by centrifuging. It 
was washed with 200 c.c. of 10% KOH and then with 10% KCN and finally 


given a wash with 700 c.c. of ice-cold water. The salt is extremely 
unstable and in order to avoid decomposition, it was kept under potassium 
cyanide solution. 


Magnetic Data.—The susceptibility determinations were carried out 
on a modified form of Gouy’s balance, and x was calculated according to 
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the equation : 


ea wp, , ) 
Xp. ke Mp, {Xe Mp, = Xa Mp1) wp, es Xa Maps | 


where xy, and x», are respectively the specific susceptibility of the standard 
substance and of the specimen, w,, and w,, are the respective pulls, 
mp, and My, are the respective masses and Map, and Map, ate the masses of 
air displaced respectively by the standard substance and by the specimen. 

The specific susceptibilities of the compounds were determined in the 
solid state. In the case of the complex cyanide, the substances 
was moist and some decomposition could not be avoided. ‘The suscepti- 
bility tube was packed by centrifuging, the access of air being avoided, as 
far as possible, by means of a protective layer of 10% KCN solution over 
the complex cyanide packing. The susceptibility value for the moist 
complex cyanide was calculated after deducting for the contribution of 
the cyanide layer. 


In the following table, the value of X in each case represents the mean 
of at least three observations. 








| Specific 
Name Formula |Suscepti bility | Temp. 
| . 106 | c 
| 
1, Pink Pyridinium Compd. ..| C;H,;NH-MnCl,-H20 | 55+ 80 | 21-0 
| 
| | } 
a 1 4 a . | 
2. Green Pyridinium Compd. me 2C;H;NH- MnCl, $1.29 91.0 
| 
3. Pot. Mangani-Chloride --| 2KCl- MnCl, 18-05 |} 20.0 
4, Silver Permanganate | Ag.MnO, | — 0.938 | 27.0 
| 
5. Pot. Mangani-Cyanide . | K; [Mn(CN),] | 4-0 + 7" 20.0 
| 





Discussion of Results 
Mankano-halides of Pyridine : 

1. Pink Compound.—Taylor™ has suggested MnCl, .C;H;NHCI1.H,O as 
the formula to his compeuud. The experimental value of y, 55-8 x 10-6, 
compares very well with the theoretical value 56-4 x 10-*, calculated on 
Bose-Stoner formula for bivalent manganese, after the necessary correc- 
tions have been made for the presence of other groups. 

2. Green Compound.—Reitzenstein™ has suggested for the compound 
the formula MnCl,.2C;H;N in which manganese is quadrivalent. ‘Taylor, 
however, represented it as MnCl,.(C;H;NH)..  Reitzenstein’s formula 
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predicts for the compound, a x-value of 17-20 x 10-® on the Bose-Stoner st 
relationship whereas Taylor’s formula gives it a x-value of 40-84 x 10-6 tt 
which agrees well with the experimental value. ct 
According to Hund!* the effective Bohr magneton number can be 
calculated from the equation It 
Ap 2-839 V xy T. is 
This gives a value for py, of 5-95 Bohr magnetons in close agreement with . 
the theoretical deductions of Sommerfeld! who calculated the magnetic 7 
moment from the relationhip ’ 
it» = 99 (8 +1) ' 
and found a value of 5-92 for bivalent manganese. 
The corrections applied for the presence of other groups are : C;H,N 
19.9 10-6, =H,O 12-90 «x 10-® (International Critical Tables), ( 
Ci 22 -2 L0-§ (L,eiterer!’), . 
3. Potassium Mangani-Chloride. K.MnCl,.—Mever and Best" have { 


suggested that manganese in the double chloride is quadrivalent. The 
theoretical value of x, calculated on the above formula, after correcting for 
the presence of K+ and Cl is 17-8 x 10-®. This is in fair agreement with 
the experimental value of 18-05 x 10-® and hence the magnetic data 
supports the quadtivalency of manganese in the compound. In this case 
Xmnion, the ionic susceptibility, has a value 6416 x 10-* and the Bohr 
magneton number as experimentally found on the Hund formula works 
out to 3-89 which is in agreement with the calculated value 3-873 for 
quadrivalent manganese. 


Corrections for Kt — 18.5 x 10-° and €l = — 22.2 x 10-* 
) 


—_ 





1. Silver Permanganate.—Septa-valent manganese predicts for the 
compound diamagnetism or feeble paramagnetism, independent of tem- 
perature. ‘The experimental y-value of — 0-28x 10-® for the permanga- 
nate is in accord with this theoretical expectation. 


5. Potassium Mangani-Cyanide (K;MnCN,).— According to Bose," 
the effective atomic number Z’ of the co-ordinating atom in any complex 
compound equals Z’ = N — E +P x 2 where N is the atomic number of 
the co-ordinating atom, FE is its primary valency in the given compound 
and P is 4, 6, etc., according as the compound is fourfold, sixfold, etc. On 
Manchot’s formula K; [Mn(CN),|, univalent Mn- ion should have zero- 
moment for six electron-pair-bond and consequently the molecule should 
exhibit diamagnetism or feeble paramagnetism. ‘The same conclusion is 
reached on Welo and Baudisch'® and Sidgwick’s interpretation of the 

















Magnetism & Molecular Constitution of Manganese Compounds 155 





structure of the complex. -auling?® has given a quantum mechanical 
treatment of the electron-pair-bond and his interpretation leads to similar 


conclusions. 

The complex, however, gives a minimum yy-value of 1,209 x 10-§ 
It, therefore, appears that the product obtained by Manchot’s method 
is a impure specimen of K;Mn (CN),, contaminated possibly with 
K, [Mn (CN),], since the latter is known to be mainly formed (Manchot 
and Gall)® even by slight variation of conditions. If formed, K, [Mn (CN),}| 
can teadily account for the paramagnetic behaviour of the product, since 
theory predicts strong paramagnetism for this complex. 


It must, however, be borne in mind that the magnetic results for this 
compound are only tentative and of a qualitative nature, because of the 
complicatiors arising from the extreme instability of the product and the 
difficulty of obtaining it pure. [I‘urthermore, although the general manner 
in which the magnetic properties of complex ions are to be interpreted is 
fairly clear, yet many details are still obscure. 
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1. Introduction 

‘THIONYL CHLORIDE (SOCI,) may either have a pyramidal structure ora plane 
structure. It is easily shown that in either case it should possess six funda- 
mental frequencies all of which are Raman active. <A study of the positions 
of the Raman lines alone cannot therefore decide between the two alter- 
natives. We will see later that if we adopt the pyramidal structure, we 
should expect four of these lines to be well polarized and the other two 
depolarized to the limit. If, on the other hand, we assume it to have a plane 
configuration, we should expect three of the lines to be well polarized and the 
other three depolarized to the limit. Thus polarization measurements will 
serve as a crucial test in favour or otherwise of each of the proposed models, 
Accordingly SOC], is chosen as one of the liquids for study in this paper. 

Methyl chloride resembles chloroform in structure and it must give 
accordingly six Raman lines, three of which should be well polarized and 
three depolarized to the limit. In Table I are given the earlier results of 
Cabannes and Rousset,! and of Dadieu and Kohlrausch.? 


TABLE I 


Raman Frequencies of Methyl Chloride 


Cabannes and Rousset .-| 712 1098 1878 1450 2958 3024 
r P D D 








Dadieu and Kohlrausch cl” “G2 1357 2815 2955 3024 





In this and the following tables, the letters P and D stand for a 
polarized Raman line and a depolarized Raman line respectively. From 
the above table it is obvious that the existing results are not in agreement 
between themselves. Moreover, the polarization characters given by 
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Cabannes and Rousset do not fit in with a pyramidal model for the methyl 
chloride molecule. In view of these discrepancies, a reinvestigation of the 
Raman spectrum with special reference to the polarization characters is also 
taken up. 


A study of the Raman spectrum of boron trichloride has been made by 
Bhagavantam,® Venkateswaran,’ Anderson, Lassettre and Yost,® and others 
and its structure has been definitely established to be plane but quantitative 


estimates of polarization characters are not available. Anderson, Lassettre 
and Yost® have given some visual estimates. Hence a quantitative study 
of the polarization factors of the important Raman lines in the case of boron 
trichloride is made. 


2. Experimental Technique 


Thionyl chloride (b.p. 78°C.) supplied by Kahlbaum is transferred into 
a thoroughly cleaned bulb and tube combination. ‘The combination is 
sealed off under vacuum. ‘The liquid is originally yellow but after repeated 
vacuum distillation, an almost colourless sample is obtained. 

Methyl chloride is taken in a sealed tube, in which form it was originally 
supplied by Kahlbaum. It is undistilled and accordingly somewhat 
impure. 

Boron trichloride has a low boiling point (12-5° C.) and so great care has 
to be taken while transferring the liquid into the bulb and tube. ‘The bulb 
and tube combination is completely immersed in ice, and then the liquid is 
transferred into the apparatus which is then exhausted and sealed off. ‘The 
liquid is slowly distilled under vacuum. 


Light from a 6-inch quartz mercury arc lamp is condensed by means of 
an 8-inch glass condenser on to the slit of the tube containing the liquid. 
Two instruments have been used in the investigation. One is a two-prism 
glass spectrograph of high light gathering power and the other is a Fuess 
glass spectrograph. ‘The horizontal and the vertical components are photo- 
graphed simultaneously by interposing a suitably oriented double-image 
prism in the track of the scattered light. A set of intensity marks is given 
on each plate by the method of varying slit-widths and the depolarization 
factor for each one of the lines is obtained in the usual manner. Values 
given in the following pages have all been corrected for the various errors 
such as the condenser correction and the instrument error. 

3. Results 


Thionyl chloride.—The following table gives the Raman shifts in SOCI,. 
The numbers in the brackets represent the relative intensities. 
Ad F 
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TABLE II 


Raman Frequencies of SOCI, 


Wave-length 





of the | Frequency | Exciting | Raman shift 
Raman line | em>* | line A.U. ems! 
A.U. 
Ee - : = esapsarateeectet oe 
1395 -D 22744 | 1358 | 194 (10) 
1412-9 22655 e | 283 (8) 
| 
1424-8 29504 w | 344 (10) 
| 
1443 4 22499 _ | 139 (8) 
1453 -3 29449 © | 189 (8) 
1605 +d 21707 ve | 1231 (10) 
1321 -4 | 23134 “ | — 196 (4) 
1304 -9 | 23223 ~ — 285 (3) 
1293 -8 | 23283 m - 345 (3) 


Av = 194, 283, 344, 439, 489, 1231. 





These frequencies are in agreement with those obtained by the earlier 
authors.®4:! The polarization values obtained by the author together with 
those obtained by Cabannes and Rousset! are given below. 


TABLE III 
Depolarization Factors of Raman Lines in SOCI, 





Av hi ..| 194 283 344 139 189 1231 
p (Author) .. oct O-F8 0 -90 0-21 L-0 0-14 0 -26 





p (Cabannes and 
Rousset ) ak 0-45 ~ 4s 0-15 


~ 


0:08 ~ 0-13 


AUS 





It will be noticed that in the case of the Raman line at 194, a depolar- 
ization factor 0-78 has been obtained by the author whereas Cabannes and 
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Rousset have reported a value of 0.45. ‘This is a very important result 
and has been confirmed for other excitations. In Figs. a, b and c of the 
plate, this line is marked with an arrow. b refers to A 4358 excitation 
and c refers to A 5460 excitation. In both cases, it is easily seen that the 
relative intensities of the two components for this line are such that it has 
to be classed along with the other depolarized lines. In Fig. c (5460 excita- 
tion), the horizontal component is relatively much stronger and this is 
simply due to the fact that the instrument and conditions of illumination 
employed in this case are such that a larger error is involved. 

Methyl chloride.—The frequencies obtained by the author for CH,Cl 
are given in Table IV. 

TABLE IV 
Raman Frequencies of CH;Cl 





Wave-length 











of the | Frequency Exciting Raman shift 
Raman line | em,.-! line A.U. | cm.—! 
ALU. | 
) 
! a 
5003 +5 19981 4358 2957 (5) 
4637 -2 21559 | és 1379 (2) 
1612 -0 21677 4047 3028 (1) 
4596 -9 21748 - 2957 (5) 
4577 °2 21841 | 1358 1097 (1) 
4498 +5 229294 | - 714 (4) 
4487 -0 22280 | 4347 715 (0) 
1294 -8 23277 | 4047 | 1428 (0) 
4234 -6 23608 | ” | 1097 (0) 
4200 +1 23802 | 1077 | 714 (0) 
1166 -6 23994 | 4047 | 711 (4) 
1097 +4 24399 | 3654 | 2954 (5) 
1091 -8 24432 3650 2956 (5) 





Av = 714, 1097, 1379, 1428, 2957, 3028. 
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TABLE V 


Raman Frequencies of CH3Cl Compared with Earlier Observations 


Author .. a ~-| €24 3007 2879 1428 2957 3028 
+ =a 

Cabannes and Rousset! ..| 712 1098 1378 1450 2958 3024 

Kohlrausch and Dadieu2 sel 42 1357 2815 2955 3024 


TABLE VI 


Depolarization Factors of Raman Lines in CH,Cl 


Av + ie 714 1097 137 


9 1428 2957 3028 





p (Author) .. «at O-28 r P D 0-18 0-80 





p (Cabannes and 





Rousset?) eo} O-L5 P P D 0-05 ~4 
p (Venkateswaran’) ..; 0-30 an aus x: 0-30 0-80 





Boron trichloride.—The results obtained in boron trichloride by the 
author are given in Table VII along with those of Anderson, Lassettre and 
Yost. 


TABLE VII 


Depolarization Factors of Raman Lines in Boron Trichloride 





Av sins --| 203 {71 


p (Author)... ..| 0-80 0 -30 





p (Anderson, Lassettre 
and Yost) 
(visual estimate) ~ 1-0 0-25 














oe 


or > © 











Polarization of Raman Lines in Relation to Molecular Structure 161 


4. Discussion of Results 


Thionyl chloride.—As has already been mentioned in the beginning, 
there are two possibilities namely a plane configuration and a pyramidal 
one to be considered in this case. We will now consider the two models 
and derive the characters of their normal oscillations by applying group 
theoretical methods. 


The pyramidal model is represented in Fig. 1. 


a 








cl cl 
Fie. 1 Fic. 2 
The oxygen atom is not in the same plane containing sulphur and 
F se 
chlorine atoms but is in a perpendicular plane bisecting the angle CISC1. 
The model has only one plane of symmetry OSx. It comes under the point 
group C, and the character table for such a group is given below. 














| | | 
C, | E oO; nm | 7, Raman | Infra-red 
| | 
A’ ia 1 1 7 4 P M, and M, + 0 
A’ — — 5 2 D M, + 0 
| | 
| | 
U; ad t 2 | 
| | 
x,’ 4 = 2 | 
’ ¢ 
b; . | 6 2 | 
The structure of the plane molecule is shown in Fig. 2. The oxygen 


atom is in the same plane as that containing the sulphur and chlorine atoms 
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and also lies on the bisector of the angle Cisci. The molecule will have q 
binary axis and two planes of symmetry passing through the axis. The 
model comes under the point group C;, and the appropriate character 
table is given below. 


| 





Ce | 1) C, on a» | my ni; Raman | Infra-red 
| Ree SeR ee ARC, TOC ee ee 
\, I 1 i 1 ! | } P M, + 0 
\y 1 1 , a | 0 | 
B, ..| 1 —I -1 I | | 2 | D | M, + 0 
Bo 1 —1 1 ~1 3 1 D | M, #0 
U, 2 2 t | > 
X; 12 —2 2 1 | 
ub 6 0 2 t | 


In the above tables, the various letters have the usual significance. 

From the character tables it is clear that if the pyramidal model were 
to be assumed for the SOCI, molecule, the Raman spectrum should contain 
6 lines, four of which are well polarized and two depolarized to the limit. 
On the other hand, if the molecule is assumed to be plane it should still give 
6 Raman lines but only 3 of which are well polarized and 3 depolarized to 
the limit. ‘The early results of Cabannes and Rousset! show that 4 lines 
are well polarized and they have accordingly attributed a pyramidal struc- 
ture to this molecule. Contrary to these observations, the polarization 
values obtained by the author clearly show that out of the 6 Raman lines 
obtained in thionyl chloride only 3 are well polarized, the other 3 depolarized 
to the limit (see Table III). The observation in respect of the Raman line 
at 194 has been purposely repeated and confirmed as this affords the crucial 
test. We have accordingly to attribute a plane configuration to this 
molecule. 


Methyl chloride—Methyl chloride may be assumed to be of the type 
of chloroform having a pyramidal structure in which the carbon and 
chlorine atoms are both on the axis of the pyramid whereas the hydrogen 
atoms are at the corners of its base. Such a model will come under the point 
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group C3, and it may easily be shown that it should give rise to 6 Raman 
frequencies all of which should be present also in the infra-red absorption. 
Three of these should be well polarized and three depolarized to the limit in 
the Raman spectrum. 


Cabannes and Rousset! obtained six lines four of which have been 
found by them to be well polarized and two depolarized (Table V). The 
Raman frequencies according to them are 712, 1098, 1378, 1450, 2958 and 
3024. But Kohlrausch and Dadieu® reported only five lines, the frequencies 
being 712, 1357, 2815, 2955 and 3024. Combining the results of Cabannes 
and Kohlrausch we should expect seven lines for methyl chloride the 
frequencies of which will be 712, 1098, 1378, 1450, 2815, 2958 and 3024. 
Even assuming that Cabannes and Rousset’s six lines are the fundamentals 
of methyl chloride, the polarization values reported earlier require a 
completely new model. ‘The author has obtained six frequencies at 714, 
1097, 1379, 1428, 2957 and 3028. ‘These are in agreement with Cabannes’ 
observations. 

It is most probable that one of the seven lines is an overtone or a 
combination. 714, 1097 and 1379 cannot be overtones for there are no 
fundamentals corresponding to approximately half the values. 1428 may 
be an overtone of 714 but according to the selection rules (see Bhagavantam 
and Venkatarayudu’) an overtone must be a well-polarized line. Observa- 
tions made in the present investigation show on the contrary that it is a 
depolarized line. The next line to be considered is 2957 and it can very 
well be explained as the overtone of the line at 1428. The fact that 2957 
is well polarized is in agreement with the selection rules. From the above 
discussion it follows clearly that the methyl chloride molecule is of the 
pyramidal type with six fundamental frequencies at 714, 1097, 1379, 1428, 
2815 and 3028. ‘The first three are polarized and the other three are 
depolarized in Raman effect. ‘The line at 2815 is evidently very weak and 
the author could not record it in his spectrum. 2957 is to be regarded as 
an overtone of 1428. 


The infra-red spectra of methyl halides have been found to consist of 
four single or parallel bands and three double or perpendicular ones. The 
: bands obtained in gaseous absorption (see Adel and Barker*) are listed 
below. 
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| Infra-red (gas)| Raman (liquid) 





Vs 734 714 
V, ™ 1020 1097 
Vs =~ 1355 1379 
Vs me 1460 1428 
¥,0F2 ¥ .- 2830 2815 
vy,or2 % .. 2967 2957 
Ve 5h 3047 3028 


The corresponding Raman lines obtained in the liquid are also given 
for comparison. It will be noticed that Adel and Barker® have suggested 
that one of the two bands at 2880 and 2967 should be regarded as a funda- 
mental while the other one is to be regarded as an overtone. Polarization 
measurements now definitely enable us to identify 2880 as a fundamental 
and 2967 as an overtone. The fact that all the Raman frequencies have the 
corresponding infra-red absorption maxima is also expected and may be 
taken as an evidence in favour of the proposed model. 


A possible objection to our identifying 2957 as an overtone will be its 
large intensity in comparison with the corresponding fundamental at 1428. 
It may also be noted that the observed value of the 


overtone frequency is 
appreciably larger than twice the fundamental. 


This question has been 
discussed by Adel and Barker. If we realise that the appearance of 2v, is 
due to its proximity to another fundamental, namely v,, then we get an 
explanation for the abnormal intensity as well as the displacement of v, 
and 2y, in the opposite directions. A similar case which occurs in methane 
may be cited here for comparison. 1520 is one of the fundamental fre- 
quencies of this molecule and the corresponding overtone occurs at 3066 
in its Raman spectrum with appreciable intensity presumably because of 
its nearness to another fundamental at 3018. The 1520 line itself is so weak 
that it has not been recorded in the Raman spectrum although it is allowed 
to appear by the selection rules. 


In this connection reference may also be made to the recent work of 
Wagner!® and of Slawsky and Dennison.'! These authors have attributed 
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the 1097 line to a degenerate mode and the fundamental in the region of 
9900 to a non-degenerate mode. This would mean that 1097 should be 
depolarized whereas the author’s plate clearly shows that it is a polarized 
Raman line. It cannot therefore be taken as representing a degenerate 
mode. 

Boron trichloride.—From the zero dipole moment™ of boron trichloride 
molecule it follows definitely that the shape of the molecule is a plane 
equilateral triangle with the symmetry D,,. ‘This view has also been 
confirmed by the electron diffraction data." No further discussion on this 
point is necessary. There should be one polarized Raman line and two 
depolarized Raman lines. The author has recorded only two lines at 250 
and 470. ‘The earlier work of Venkateswaran? and Anderson, Lassettre 
and Yost® shows that there is an additional line at about 950. ‘The last 
one is a broad band and has been resolved into 3 components, one of which 
has been explained by Anderson, Lassettre and Yost® as an overtone of a 
forbidden frequency. A reference to Table VII shows that the line at 470 
is well polarized and this has to be attributed to the total symmetric 
oscillation. 

5. Summary 

The polarization characters of the six lines at 194, 283, 344, 439, 489 
and 1231 contained in the Raman spectrum of SOC], are determined. It is 
found that three of them (194, 283 and 439) are depolarized to the limit and 
the other three well polarized. Cabannes and Rousset! observed that the 
line at 194 was not depolarized but polarized. ‘Their results indicate a 
pyramidal model to the SOC1, molecule but the values obtained by the 
author in the present investigation suggest that the SOC], molecule has a 
plane structure. 

Cabannes and Rousset! obtained six frequencies at 712, 1098, 1378, 
1450, 2958 and 3024 for methyl chloride out of which four were found to be 
polarized and the other two depolarized. Kohlrausch and Dadieu* reported 
only five lines 712, 1357, 2815, 2955 and 3024. In all, the Raman spectrum 
of methyl chloride contains 7 lines at 714, 1097, 1379, 1428, 2815, 2957 and 
3028. The author has recorded the six lines obtained by Cabannes and 
Rousset. A study of the polarization characters is also made. A discus- 
sion of the results shows that the line at 2957 is to be regarded as an overtone 
of the fundamental at 1428 and the six fundamental frequencies of methyl 
chloride are 714, 1097, 1379, 1428, 2815 and 3028. ‘The first three give rise 
to well polarized Raman lines and the other three give rise to depolarized 
Raman lines. It may be concluded that methyl chloride molecule is of 


pyramidal shape like chloroform. ‘The overtone at 2957 is well polarized. 
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Anderson, Lassettre and Yost® estimated visually the polarization 
values of Raman lines at 253 and 471 in the Raman spectrum of BCl,. The 
author has made a quantitative study and has obtained the values 0-8 and 
0-3 respectively for these two lines. 


In conclusion, the author desires to express his grateful thanks to 
Prof. S. Bhagavantam for the keen interest he has shown during the 
progress of this work. He is also indebted to the Syndicate of the Andhra 
University for the grant of a Research Fellowship. 
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1. Introduction 


THE Raman effect in sodium nitrate and calcite crystals has been studied 
by a number of investigators'-** from different points of view. It is, 
however, believed that there are several interesting features in the Raman 
spectra of these substances which have not yet been clearly described or 
understood. ‘The spectrogram reproduced by Nedungadi® may easily be 
said to be the best picture so far obtained with sodium nitrate. Even this 
is inadequate in that the overtone line at 1672 has presumably been just 
recorded. Similarly, we may regard the spectrogram reproduced by Cabannes 
for calcite as a very satisfactory one. A frequency shift of 221, the exist- 
ence of which is very doubtful, has however been reported in this paper. 
The crystal structure of sodium nitrate closely resembles that of calcite 
and we should accordingly expect their Raman spectra to exhibit a high 
degree of similarity. A study of the subject from this point of view acquires 
fresh and added interest in view of the fact that the characters of the normal 
oscillations appropriate to these lattices have been worked out in great 
detail recently by Bhagavantam and Venkatarayudu.? Many discrepan- 
cies are apparent in the existing literature if the results are critically exam- 
ined in the light of the conclusions of the above authors. Only a few will 
be mentioned here. Of all the lattice oscillations that the NaNO, and 
CaCO, lattices are capable of, only two are expected to be Raman active. 
On the experimental side, while only two have been reported to exist in the 
Raman spectrum of NaNQO3, several other weak lines have been reported 
in CaCO, besides the two strong ones. ‘The order of intensities should be 


* The references given here are confined to such authors who have worked with 
single crystals and reproduced clear and satisfactory pictures in their respective papers. 


Other references which are too numerous to be cited are omitted here as they may easily 
be obtained in standard bibliographies. 
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the same for these two Raman lines. While there is general agreement+ 
amongst the various workers on this point in the case of NaNOg, conflicting 
results’ have been reported in CaCO 3. With a view to clear these and other 
points which will be raised later during the course of the paper, a fresh 
investigation of the Raman spectra of these crystals is undertaken by the 
author. In this investigation, great care has been bestowed in the matter 
of developing and adopting such experimental technique which will result 
in clear and intense Raman spectra being obtained as it is only then that all 
the finer features may be expected to manifest themselves. ‘The figures 
given in the accompanying plate show that this has been satisfactorily 
achieved. All the results are now discussed in the light of the theory given 
by Bhagavantam and Venkatarayudu already referred to. 


2. Experimental Technique 


The following techniaue has been adopted for obtaining the Raman 
spectrum of NaNO, crystal reproduced in this paper. A small flawless 
single crystal is selected and is kept in a glass tube with a flat window. The 
tube is filled with a dilute solution of iodine in carbon tetrachloride. The 
strength of the solution is adjusted by trial such that the absorption extends 
as close to A 4358 as possible without appreciably affecting the intensity of 
A 4358 itself. This surrounding solution serves the purpose of a filter as well 
as that of a refracting medium which diminishes the reflections from the 
sides of the crystal. A glass-  .cury lamp of a special shape is constructed 
and brought close to the tube on all sides. The shape of the lamp is similar 
to the one described earlier by Ananthakrishnan.® The scattered light 
emerging out of one of the faces of the crystal is focussed on the slit of the 
spectrograph with a suitable lens. The rest of the arrangements are similar 
to those usually adopted in such work. A picture obtained by giving an 
exposure of about 8 hours with this arrangement is reproduced in the plate. 
The Raman lines due to carbon tetrachloride naturally appear but may be 
eliminated as they are well known. Such of these which appear on the Stokes 
side of 14358 are marked in the plate with crosses alongside. The overtone 
(0) at 1672 is seen clearly. Even the anti-Stokes line of 1068 has been 
recorded. Good pictures without the intervention of CCl, have also been 
taken but the method described here has been found to be particularly 
suitable when only a small single crystal is available. 


In the case of calcite, a one-inch cube has been made available to the 
author and so the above special arrangements were found to be unnecessary. 





+ The Raman line corresponding to the lattice oscillation having the higher 
frequency is much stronger than the one of lower frequency. 
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With suitable precautions which are usually employed for obtaining good 
Raman spectra, intense and clear spectrograms have been obtained. The 
Raman lines due to lattice oscillations have been marked I, in the plate. 

The Raman spectrum of molten NaNO, obtained in this laboratory 
by Moses is alsu reproduced in the plate as it facilitates discussion and 
enables us to draw attention to the main results that arise out of a com- 
parison of the solid and liquid pictures. The picture relating to the molten 
state has been borrowed by the author and the results reported in this 
paper have been obtained by independently studying the same. 

3. Raman Frequencies and Their Characters 

The experimental results are given below in ‘ables I-V. ‘The 
numbers in brackets given by the side of the frequency shifts in Tables 
I-IV represent the relative intensities estimated visually. The depolar- 
isation factors given in Table V are due to Moses.!® The peak and aggregate 
intensities given in Table V have been obtained with the help of density- 
log intensity curves by the method of varying slit widths. These relate only 
to the molten state. The relative intensities in the case of the crystal have 
not been given as these are known to depend on the direction of excitation. 
This aspect of the subject will be discussed in a separate communication. 

TABLE I 
NaNO, Molten 


{ 





Wave-length 








of the ee Exciting | Frequency 
Raman line | peat line A.U. | shift em.-! 
A.U. | on | 
| | 
| | 
4698 -0 21280 | 4358 | 1658 (3) 

1 1653 -3 21484 ) | 1365 (2) 

4615 -1 21662 § | a | Centre 
| 
4567 -8 21886 ” | 1052 (10) 

(4501-8 22207 | 718 (2) 

1 4496 -7 22232 | ” Centre 
4260 -8 23463 4077 1053 (4) 
4226 -4 23654 4046 1051 (10) 
4166 -9 23992 4046 713 (2) 











v = 718, 1052, 1365, 1658. 


Wave-length 


of the 
Raman line 
rw 3 
{T01 -1 
1637 -6 
L571 -4 
4558 -8 


1499 -9 


4263 -0 
4229 -1 
4167 -2 


4163 -4 





B. Sundara Rama Rao 


TABLE II 


number 
em,- 


Wave | 
| 


21266 | 


21557 


| 
21869 | 
| 
| 


23990 


24012 





NaNO, Crystal 


Exciting 
line A.U. 


4358 


4046 
4077 


1046 


4358 








Frequency 
shift em.-! 


1672 (5) 
1381 (8) 
1069 (10) 
1066 (3) 
2. (7) 
185 (7b) 
94 (3) 
1382 (8) 
1065 (6) 
1066 (10) 
715 (6) 


— 1074 (1) 





Av = 94, 


185, 718, 1068, 1382, 1672. 








———— 











TABLE I 
Calcite 


II 





Wave-length 
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of the ware | Exciting Frequency 
1 
: number | : . hit = 
Raman line ae lk | line A.U. | shift em. 
ea cm, | 
A.U. | | 
| = 
| 
1719 -3 21184 1358 | 1754 (4) 
1649 -1 21504 +9 | 1434 (1) 
| 
4574 +3 21855 - 1083 (8) 
1497 +2 22230 i | 708 (3) 
| | 
4411-9 | 22660 | * | 278 (10) 
| | | 
4402 -6 | 22707 | 4347 | 288 (0) 
| 
4387 +5 | 22786 | 4358 | 152 (6) 
1328 -8 23095 | ‘ | — 157 (4) 
| 
4305 +1 23229 | | — 284 (5) 
| 
1296 -0 23271 1046 | 1434 (1) 
| 
4266 -6 23431 4077 | 1085 (3) 
4232 «2 23622 4046 1083 (8) 
4166 -2 | 23996 ” 709 (3) 
1092 -9 | 24426 | om 279 (10) 
| 
4072 -2 24550 | 155 (5) 
4021 -5 24859 | - — 154 (3) 
4001 -2 | 24985 | “ — 280 (3) 
| } 
Av = 155, 282, 709, 1084, 1434, 1754. 
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TABLE IV 
TABLE I\ th 
Comparison of the Raman Frequencies co 
. ws —— — —_ Scents = = ee = — —_ = = re 
NaNO, molten .. eal Wing 718 (2) 1052 (10) 1365 (2) 1658 (4) th 
band 
a = c sisi $$ $m la 
NaNO, crystal .. aid 94 (3) 185 (76) 718 (7) L068 (10) 1382 (8) 1672 (5) ot 
in 
CaCO, crystal .. ~+| 558(5) 282 (10) 709 (3) L084 (8) 1434 (1) 1754 (}) ot 
TABLE V 
tc 
Intensity, Polarisation and Breadth of Raman Lines (NaNO,) W 
acacia tesasisananiaarttio tit -——--— -- — --- —-—— — sania th 
Degenerate | Symmetric | Degenerate II Overtone p 
Lattice L| Lattice I] 
Mode Crystal Crystal | : ‘rr 2 hs e@ 
| Crystal Molten Crystal Molten | Crystal Molten Crystal Molten 0 
é = ws ea i eee an WME, doa | ti 
Centre em.7! i 94 185 718 718 1068 1052 1382 1365 1672 1658 e 
Breadthem.-! ..}| Sharp 20 Sharp 25 Sharp | Sharp Sharp 178 Sharp | Sharp p 
Peak Intensity .. at a ea 2 me 10 nA 2 » <1 S! 
I; 
Aggregate Inten- 
sity | 2 10 l4 ra I 
| 
Depolarisation p. .| 0-8 0.2 0-8 0-5 
4. Main Features of the Spectra \ 
Some of the following features have been noted by the investigators 
already referred to. They are, nevertheless, repeated here along with the ' 
new observatiors partly by way of confirmation and partly for complete- 
ness of discussion. 
There is a diminution of all the internal frequencies of the NO, group ; 
with the exception of 718 as we pass from the crystal to the liquid. The | 
change is about 16 cm.-! in each case. Such a result has been noticed in the 
case of the principal line at 1068 by the earlier workers but is new in respect 
of the overtone line. While the peak intensities of the 718 and 1365 lines 
are about the same in the case of the liquid, the latter is much brighter in 
the NaNO, crystal. The situation in calcite is just the reverse in that the 
line at 709 is much stronger than the one at 1434. ‘The fact that 1382 of 
NaNOy crystal broadens to a very large extent (178 cm.-!) in the liquid, is 
a very interesting result. The aggregate intensity in this band is accord- 
ingly very large. A comparison of the Figs. b and c of the plate shows 
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that the overtone line at 1672 in the NaNO, crystal is quite strong in 
comparison with the other Raman lines whereas it appears to have grown 
relatively weak in the case of the liquid. ‘This is apparently so in spite of 
the fact that the scattered light in the crystal had to pass through thin 
layers of a filter having an appreciable absorption in the region where the 
overtone occurs. Such an increased intensity of the overtone in the crystal 
indicates the increased prominence which we have to give to the second 
order terms in crystals. 


The most important point with regard to the lattice oscillations relates 
to the fact that there «re only two Raman lines of this class in NaNO, as 
well as CaCO 3. A careful search in the author’s plates to locate some of 
the weaker lines which have occasionally been reported in the literature has 
proved unsuccessful. A feeble line having a wave-length of 4402-6 A.U. 
explained by Cabannes' and by Bhagavantam!! as a new shift in the region 
of 230 has been recorded by the author but it is clear that it cannot be 
treated as a new frequency. It is merely the second lattice oscillation 
excited by A 4347. This point is easily decided by looking for the corres- 
ponding frequency in the group of lines excited by A 4046. Contrary to 
some of the earlier reports, we now see that in both these crystals, the second 
lattice oscillation has a decidedly larger intensity than the first one in the 
Raman spectrum. 


5. Discussion of Results 


A reference to the recent paper by Bhagavantam and Venkatarayudu’ 
will show that only two fundamental oscillations of the calcite or the NaNO, 
lattice are Raman active. These modes are reproduced here in Fig. 1 for 
convenience. 


One of them Fig. 1 (b) arises from a longitudinal motion of the CO, or the 
NO; groups in a direction transveise to the trigonal axis and the other 
Fig. 1 (a) arises from a rotatory type of motion of these groups. On account 
of the lower intensity as well as the smaller frequency shift, it is proposed 
to identify 94 of NaNO, and 155 of calcite with the longitudinal mode 0. 
We are then left with 185 of NaNO, and 282 of CaCO, which represent the 
rotatory mode a. ‘The intensity of the Raman line arising from this type 
of motion will be governed by the otical anisotropy of the CO, or the NO, 
group as the case may be. The higher frequencies in the case of calcite 
merely indicate that the crystalline forces in it are much stronger than in 
NaNO,, if we note that the masses of the NO, and CO, groups are not very 
different from each other. In this connection attention may be drawn to 
the case with which NaNO, melts relatively to CaCO 3. These facts are 
AS F 
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presumably intimately connected with each other. ‘The ratios in which 
the two frequencies are increased as we pass from NaNO, to CaCO, are 
nearly the same, being 1-6 and 1-5 respectively. 

The comparatively negligible effect which the lattice forces have on 
the internal frequencies of the group may also be noted. The considerable 
broadening which the line at 1382 undergoes as the substance (NaNO;) 
is melted is somewhat difficult to explain especially in view of the fact that 
the analogous oscillation at 718 which is also degenerate and which belongs 
to the same class does not show any such abnormal broadening. ‘The shift 
of 14 cm.~! which the overtone line exhibits as we pass from the crystal to 
the liquid (NaNO,) is noticed in this paper for the first time and it is not 
possible to say whether this is to be interpreted as a change in the frequency 
of the fundamental itself or as a change in the anharmonicity of the corres- 
ponding oscillation. 

6. Summary 


A simple technique for obtaining clear and intense Raman spectra with 
small single crystals has been described. Spectrograms obtained with 
single crystals of NaNO; and CaCO, are reproduced. ‘The frequency 
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shifts, the intensity relations and the structural characters of the various 
Raman lines are given. The changes which the Raman frequencies undergo 
as we pass from NaNO, crystal to the corresponding melt are enumerated 
and discussed. The first overtone of the forbidden fundamental has been 
recorded and measured in all the cases. The positions of the lattice 
frequencies and their intensities have been discussed in the light of what 
we should expect from a theoretical knowledge of the normal oscillations 
of the NaNO, and CaCO, lattices. 


In conclusion, the author desires to express his grateful thanks to 
Prof. S. Bhagavantam for the keen interest he has shown during the progress 
of this work. 
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§7. Introduction 


Let the Polynomial 7,, (x) be defined by 


a 
Wy (x) =¢ a je. An (x) |, 


where 


Big (%) = (Bq, Gy, Ge,°**, By %, 1)”. 


The Laguerre Polynomial 
ad" — 
fu) ou pe —* alt 
Lj, (¥) =e dx le .% 
is a particular case of a,, (x) when A, (x) = +". ‘This polynomial 7,, (x) has 
been suggested by A. Angelescu.t I have obtained the following results 
pertaining to this generalised Polynomial. [Its properties could also be 
derived by making use of the known properties of the associated Laguerre 


ax 
here appear to be simpler and lead, in particular, to a characteristic 


l 
Polynomials L,,* (x) = ( \" L, (x), but the direct methods I have adopted 


property [vide (a) below of x, (x)j. 

(a) A, (x) can be expressed in terms of 7 (x), 7, (%), m2 (X),--+, a (x) 
and is the same series of 779 (%), 7, (%), 72 (x),---, m, (x) that z,, (x) is 
of Ao(x), A, (x), Az (*),---, A, (¥) ; and the series form for z,, (x) is 
the same as for the Laguerre Polynomial with A,, (~) written for x”, 
A,, (%) for x*', etc. 


mt BE 
; . ; ] —t : 
(b) The function ¢ (x, t) = i 7" el—t.d (; :) generates the series 
co gH, (%) a a 
é ae *, where @ (2) =ap> +a,z2+ GS 2@+---4+ 727 
n=o |” le L 
+--+, and Gp, @,, az, @3,-++, a, are such that this series has 
a positive radius of convergence. 
, c a . 7 
(c) m,° (xX) = |W y-y (%) — My-1 (x)]. 





1C. Rk. Acad. Sci. Roum., 1938, 2, 199-201 ; vide also Zbl. f. Math., 1938, 18, 
181, 356. The original article has not been accessible to me. 
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§2. Series form for 7, (x) 


%,_\(x) = £ (— 1)” (2) 2 (m — 1) (wm — 2) --+ (ry +1). A, (x) 
Z (— 1)"-* (%) 2 (a — J) (n — 2) (n —r +1) A, -, (x) 
=(- 1) [ An (x) — i hee “F ia 
+(-1¥ n® (n _ 1)? (n — le i r +1) a 


+ (= 1)" w Ae (x): (1) 

From this the expressions for 7, (x), 7 =9, 1, 2,-+-m, in powers of * are 
found to be 

tw) (x) =Ag =a 

a, (x) = —(A, — Ao) = — [ao x + (a, — ay)] 

qe (x) = (Ag — 4A, + 2Agq) = [aq x* + 2 (a, — 2a) x 

-+ (dg — 4a, + 2a 9)] 
mw, (x) = — (As — 9A, + 18A, — 6Ay) = — [aq 22+ 3 (2, — 3a) x? 
+3 (ag — Ga, + 649) x + (43 — 9a_ + 18a, — 6a,)] 


~ n(n —1)?--- (ry +1) ) 27 
+ (—1)’ » — Ao) fh 
The first four of these equations are easily verified to hold when the 
7's and the A’s are interchanged. In fact this observation is true of equa- 
tion (i) itself as will be shown below by a mere comparison of c¢ efficients. 
That is, if (i): be written as 
0 


Ty (x) F (Po Pi pe, oe Pn) x A, (x) 


r=n 


then will 


A,, (x) =< (Po Pr Pe, oe Pn) 2 Ty (x) 


r=n 


where po, pi, po, --*, py are the coefficients of 7, (x), 7, —, (x), ete., in (1), 
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ae . ; ‘ : —. - j Je 
§ 3. The Generating Function of the Series & s ) - . 
n=0 to cie 
Et) wi FF SF (179 (7) = Th 
a=z0 n n=0 r=0 r Lr 
- 5 (—1)- A, (x) : tr ag 
r=0 = ¢-97™ 
t ’ Ty. 
1 20 ( 1 3) | 
“73, —T A, (x) 
;. ae —t\ @f—-t 
rs —* fa, bar ( :) +(j :) | i } As 
‘ee t 
i-¢t = 
l—it $(; =) 
— xt 
at l 1—¢t Y = 
Thus # (x, t) = re -$(,—) where ¢@ (2) = @g + @y 2+ 
\z gee ee fH "s 2” +--+ and the constants do, a1, do, ---, a, [of A,, (x)] 
are such that the series ¢ (z) has a positive radius of convergence. The 
: ited —t - apf" — | 
‘Ne 1e id -— =e 2 _ r ! . = re 
coefficient of / ing (, —) a (— 1) “ae > ¢ EE Ao 1, and 
a, =a, =az =-:: =0, then (x, ¢) is seen to reduce to the corresponding 
. : . : 1 [= 
function of the Laguerre Polynomial, vz., One Sis . 
§4. To Express A, (x) in Terms of mo (x), 7, (x), +++ t, (x) C 
Multiply both sides of the equation . 
— xt 
co mT, (x) 1 i-¢t —t 
> % . a — . 2 . 
vat jn oe. $(; a 
by (—1?). So, 
— xt 
eo Tx (X) —t 1-¢t —t 
ae * . [4@+1 — -¢€ ° : 
>> Ge 
Put ( = z,and .° (— +) =(—1)"( a iis 
ut (| :) = 2, ¢ rar = ) i) . 


Then 


a> 


= (— 1)" — . G = .) ser z. er*, d (2). 











Develop the two sides in integral powers of z and compare the coeffi- 


cients of 2”: 


; ae ao Ty (x 2 tae ; 
The coefficient of 2” in 2 (— 1)” i (; =) = The coefficient of 


n=0 


n- 1 - > 
“in 2 (— 1)’ ibis (*) (; s 


ee }) 


7, (x) s Vert \y (% — 1)\7, (%). he 
f(r) =r C, ie 


n 


~ £4 


Again the coefficient of 2” in z. e**. d (z) 


x 1 a x 2 Za x 3 
ao ies 1 . fine — +} Mm wes 
Jn l 11 jn —2 ° [z jn —3 ' 


co 7 (x) 9 %+1 n = : nN l T.. 
E(—1e™ ( =) 2 t~1 ”( ) 
n=0 ) |v | é r=0 ( ) VY 


coefficient 
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r+i1 
) , and the coefficient of 2 in (— 1)” 


of 


l 
ln — i’ Se-2 4) 
An-i(*) _ "5! ~1y (" ') 2 (x) 
{n —1 Pp \ v lr 
({— 1)#-1 n — 1 
— a [tee — | )(n ~ Iw, ste) 
n — ] 
- ( 2 ) (n — 1) (m —2)m-3 (x) +--- 
- (— 1)*— 1. | 2 - L + a9 (x) |. 
Changing (7 1) into ~ we have 
n n* (n — 1)2 
A, (X) = ( 5 | a (x) | 1 Ty, -—1(%) 4 y2 Ty — ; 3 
n (1 1)? --- ( y +1) 
ye, (x) + 


the same relation as (i) except for the interchange of the 7’s and the A’s. 
(In arriving at this result by eliminating zy (x), 7, (x),-- 
(i) and the ” equations resulting by putting  — 1, n - 


in (i) we observe that in the determinant 








, T,-, (x) between 
; -, 1, O for x 
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n? | n? (n — 1)? n?(n —1)% (nm — 2)? 
ji | \3 5 ae ee as 
(n -- 1)? (a — 1)?(" — 2)* ‘ 
io or * aeaama (= 1"! [n= 1 
; =m BS 
0 i, share “+, (= 1)e-2|n—2 
0 . , | ' soe, (— JP -* ie — 3 
oe ; 0 : 0 : ee a ee a 
each of the determinants marked off thus is merely equal to the element 


§ 5 


at its right hand top, which appears to be quite an interesting result. ] 
5 7 


The Recurrence Relation 7,’ (x) 


—e 
= |W y-1 (x) — Ty-1 (x)] 
Differentiating with respect to x the equation 


— 
l 
w (x, t) = 


f= —J 
"i= 6( *) 
we have 
op (x, f 
a —) 24) . so 4,9; 
> 7 (x) 


+ i”, we have, by comparing the coefficients of 
n=0 Soul 
t# on either side, the relation 


and since # (x, ?) 


, i a f , ¢ 
Ty (x) = [7 m-1 (x) — Ty ~s (x)] (2) 
which is also true for the Laguerre Polynomial. [If z, (x) were, on the other 
hand, defined by 
a= £ n 
e a. 


— e3 
ea ae, Se A,, (x)], then « 


n 





1 xt 
1—?¢ 
Tq (x). FP = e 
’ 
Sivineg ‘ 
giving 7, 


0) i 6(; 2 ‘) 
(x) — 


1 —¢ 
and the relation corresponding to (ii) is m,-—, (x) =7, a. ee 
(x) =, -1 (%) +7,-2(%) +- + mo (%).] 


4 


, 
TT. 


My sincere thanks are due to Prof. B. S. Madhava Rao who suggested 
the problem and guided me through the work. 
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ex DT)” (e-*- x”) st : : . ; ‘ : 
l. Lut é, (x) = . The main object of this note is to give a 
} 


new proof of the formula 


“er pt . 
co 2 Bee 2Vaxyt 
FE bn). be (9) =F (GS) -- . .. (A) 


Professor Watson, in his note* on Laguerre functions in (J.L.M.S., Vol. 8, 
1933), after pointing out that (1) Hille’s (general case) and Wigert’s (my 
case) demonstration of the formula involved thI use of Infinite integrals 
containing Bessel functions and that (2) Hardy’s proof of the general case 
was by use of Mellin’s inversion formula, gives his own proof which involves 
Saalschutz’s formula in the theory of generalized hypergeometric functions, 
My proof of (A) is elementary as it involves no knowledge of special func- 
tions or transformations. It involves only (i) a very elementary knowledge 
of functions of a complex variable, (ii) recurrence formula for ¢,, and ¢,,, and 
(iii) elementary Analysis for justifying term by term differentiation. 
Besides the proof of (A), some other interesting formule that arise from parts 
of the proof of (A) are also given. 


2. Letd¢, be asin 1. ‘Then, I prove the following : 


(A) Formula (A) of 1. 


ae 
(B) Lim—' 
n-?>co nv 7 \ A 
x . viper 
(C) Je? dx = O(— > +). 


* [Notes on Generating Functions of Polynomials, ‘‘ Laguerre Polynomials,’’ Jour. 
Lond. Math. Soc., 1933, 8, Part 3.] 
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ov, 


We shall here prove the particular case of (A) when y 
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= %. 
—- xt 
P @*-* 
It is known that a & i” dh, (x) for |¢| < |. 
By integrating on |¢| =7 < 1, we obtain 
on at e...-22-? 
7 — l el—t]? a » 3 r2— 2rcos@ ex 
Z 6,2 | do =~ | ' d0=1-~ -(3-1) 
2a 1 —t} 7 l y2 — 2x cos 0 7 
v0 VU 

, | y | r 27 sin l+~yr*) sind +2r 

Putting : = $ or cos 0 = \ : ’) a ; 
l y* cos @ l $e l— 7 1 +/r— 2rsin ¢ 
: 7 
— x (1 iat 2 ‘ 
1—r —2re T =a (b+) 2% 
I becomes — tina Oa 6 =) Wo") B-2) 
y* as l—?r 
where I, (2) Fy 2) 
—2r* 
x 
ee aah 27x me 
Hence 2 ¢,,? 1” = he ( :) (3-4) 
7 — 


Putting 7” 


¢ we obtain the particular case of (A) when x = y. 


4. We shall here prove two lemmas. 
Lemma 1. If 8, (x, v) = x4,’ (x). bn (v) —¥ bn’ (vy) +b, (x), then 
By — Be—-s + (% —¥) bn—1 (*). On-1 (vy) =9 (4-1) 
Since X by’ (x) n (by — Pn —31) 
Bn (x, ¥) = 2 {bu (*) bn-1 (¥) — On (¥) Pn -1 (*)} 
and 8 — Be-1 2=bn-1(¥) {%-be (x) +(e — 1) p, -¢ (%) } 
$n —1 (%) (Men (¥) (” 1) dy -2 (y) } (4-2) 
Since up, + (n-2) d6y-2 = (2n —1 —x) dy-, 
Bn oa (x — y)-by—1 (%)-b,-1 (vy), thus proving 4-1 (4-3) 
i d 7 (ery) 
Lemma 2. lf F (x,y) =‘ » by (X\)- by (v)-7", then 


Proof : 


U- 


F (x, y) is a function of (xy) 


y) 


2 db, (x) by (vy) 


dE 

e ° . ° C 

and a similar formula for : 
ra 
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4 < 5 (@+1-y) \ 
ok ok ek— a (x — y) or 
And x = a = By, (x, yr" 4 “- +P E(x, y 6 
And 2 ox ) oy Pn (%, y) ' l-Ar i 9) (4-6) 
r 

et—n™ y) , 
: L— 7 {2 [By —By-1 +(% —¥) Pn-r (*) bus (y)] r?"} 
0 by Lemma lL. (4-7) 
Hence F (x, y) is a function of xy (4-8) 


{ Note.—Term by term differentiation is justified since the differentiated series is 
uniformly convergent in any finite range of @ or y for r < 1 sines bn | <e*]. and 


®'n (ry)Sn cA 
5. We shall now prove (A). 





By Lemma 2 F (x, y) =F (xy) (5-1) 
7 
1o( VX :) 
| v* 
By (3-4) FT (x?) or oe (5 -2) 
Dy 
16(; = p' cy) 
Hence F (x, y) a (5-3) 
— r(x 4) 
, ' r ¢ “t= 27 
Hence 3 4, (x)-4y (y)r™ = i (; —, Vay ) (5-4) 


9 


and putting 7 
6. We shall prove (B). 


¢ we obtain (A). 


: 1 —?r 5 
Putting ¢ eo eee the integral J, of (3-1), namely, 

7 ° 

eth = t7) 
l 12 — 9r cos @ 

e aby | 
—~—s d@, it becomes > Is, where 

/1+7. —2rcos 0 it~ -™ 


I, 


. . l1+~y7 
. ; dt, a being “pe - (6 -1) 
VG-)e- 
1 


; 1 
Putting ¢=-— + 
a 
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(bary* (bx)? 
and I, = + =1, +I; (say). 
© (be)? 
(ae) 4 
1 2 T + 
I, = bay OF bali e-% dv = aoe! a for large bx. (6+3) 
V ba ’ 


a " a 
I, < ¢ (be) f dv ea (bar)? (6-4) 


Vbx — v® 2 


VU 
(Va : nee s 
Hence I, = - where (1 — 7) is small and x is fixed (6-5) 
4x 
i-F 
Vt 
and : , _s 7 
«+ “ge YS (6-6) 
ax 
and from (3-1) 2 4,27" ~ : 6-7 
(3-1) $n 2 Vax (1?) (6: 7) 
y—>l — 0. 
Hence by the well-known Tauberian theorem of Littlewood we obtain 
— — -8 
—_ vn 2 Vn x |2 nv (6-8) 
thus proving (B). 
7. Proof of (C): 
Since * d 4 ihe ail 
mince nm ax Pn = Pr a-.D 
x d 9 2d 2 9 2 
n : dx bn® ™~ = (hy ae dn . 1) _ d,," a Pn —1 + (by ae dn - 1)’. (7- 1) 
Integrating in (0, x) we obtain, 
x + x 
x 9 1 ] °. A ° ¢ 
n- >,” = ( e =) {4 dx — {4 dx + f (bn — bn - 1)” dx (7-2) 
0 0 0 
x 


Let lL, f d,° dx. Then, 


0 


(n +1) In, —#1,-1< % 7 (7-3) 








- 
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Hence 
er 


(79 +1) In< I, 4 x S 
) nt e Te : oy . x aia Var (1 + En) vn 


/ ° Xe 
‘ =0( il ) +0(—2 " at ll 
vn + 1 es) he Ose 
en. sa Va oF 
n + Vn +1 


Hence 


thus proving (C). 
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1. Intvoduction 


It is a well-known fact that exposure to light produces marked changes 
in the properties of rubber, whether in the free or the dissolved state. 
Attempts at various times have been made to study some particular property 
before and after exposure to ultra-violet or visible light. Thus the effect of 
light on viscosity,! surface tension,? ageing® and vulcanisation? of rubber has 
been studied but the conclusions of different workers are not always in 
agreement, a circumstance which can be understood if one remembers that 
the experimental conditions are very difficult of control and even a small 
variation of conditions is likely to lead to large variations in the results. 
Special care was therefore taken in the present case to control the conditions 
of experimentation and the present paper deals with the effect of ultra- 
violet irradiation on the light absorption of rubber in different solvents. 
Lewis and Porritt® and Scheibe and Pummerer* have measured the 
ultra-violet absorption of rubber dissolved in ether and hexahydro-toluene 
and have found that the absorption is of a general character reaching an 
appreciable magnitude below 2700 A and tending to a maximum at about 
2000 A. Absorption of light by a material medium. is closely related to the 
state of the molecules and atoms of the medium and is, as a general rule, 
unaffected by the nature of the solvent, except insofar, of course, that the 
absorption of the solvent will be superimposed upon that of the solute. At 
the same time it is obvious that if the solvent exerts any action on the solute 
molecule so as to change it materially, absorption might be expected to 
change with the solvent. It was therefore considered possible that some 
information on state of the rubber in different solvents could be obtained 





1 Porritt, Faraday Soc. Dis., Oct. 1920, p. 81 ; Novotny, Ind. Eng. Chem.. 1934, 
26, 170. 


Dogadkin and Pantschenkov, Koll. Z., 1933, 65, 350. 

3 Fujihara, J. Rub. Soc., Japan, 1931, 3, 220; Graffe, Rubber Age (London), 
1932, 12, 426. 
Ditmar and Preusse, Caoutchouc et Guttapercha, 1929, 26, 14762. 

> Lewis and Porritt, J. Soc. Chem. Ind., 1927, 40, 18 T. 

6 Scheibe and Pummerer, Ber., 1927, 60, 2163. 
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by studying its light absorption when dissolved in different solvents. ‘The 
choice of solvents was however limited by the fact that a high ultra-violet 
trausparency was essential for the experiment while at the same time there 
should be a reasonable expectation that the solvents would cause different 
efiects on rubber. It is known from the work of Pummerer’ that the 
molecular weight of rubber changes from a very large value in benzene 
solution to a very much lower value in menthol solution and it was therefore 
decided to use two non-polar solvents and two polar solvents for the study. 


2. Experimental 

The same kind of rubber was used in all the experiments and it was 
prepared by repeated purification of pale crepe rubber. The chief impurity 
in pale crepe rubber is about four to five per cent. of nitrogenous matter 
present as proteins and resins and in order to purify the rubber, it was cut 
into small bits, washed in flowing water for one or two days and _ finally 
rinsed in three or four changes of distilled water. It was then dried over 
calcium chloride in a desiccator filled with carbon dioxide. ‘The dry rubber 
was dissolved in benzene and about 200 c.c. of this solution were taken in 
a litre bottle, mixed with an equal amount of a 2 per cent. solution of caustic 
alkali and the whole was shaken up well in a machine for an hour. A small 
amount, about 20c.c. of acetone, was then .dded to the mixture and the 
shaking continued for another hour. Excess of acetone was then added 
which completely precipitated the rubber in a fine form which, however, on 
standing for some time joined up as a compact mass of great tenacity. The 
clear liquid was then decanted off and the precipitated rubber was dissolved 
in a fresh quantity of benzene and the previous treatment was repeated. 
A Kjeldahl estimation of the precipitated rubber showed a rapidly decreasing 
percentage of nitrogen content after every successive operation. till after 
about six repetitions the nitrogen content was quite negligible. ‘The finally 
precipitated rubber was washed for a long time in flowing water to remove 
the alkali completely, till, indeed, phenol-phthalene failed to detect the 
presence of any alkali in the washing. It was then rinsed in distilled water 
and dried over calcium chloride in a vacuum desiccator till two weighings 
with an interval of twenty-four hours in between showed no appreciable 
difference. 

Small weighed pieces of this rubber were cut into minute bits and 
placed in a stoppered graduated cylinder, from which air had been previously 
displaced by a slow prolonged current of argon. ‘The pure solvent, freed 





7 Pummerer, Ber., 1927, 60, 2167. 


Compare, however, Staudinger, /bid., 1928, 61, 2575. 





188 P. S. Srinivasan 


from dissolved air by prolonged boiling under reduced pressure with a reflux 
condenser, was added to make up a definite volume of solution and it was 
usually found that in about forty-eight hours a clear homogeneous solution 
was obtained. Inthe case of menthol, a definite amount of menthol was 
taken in a Kjeldahl flask, from which the air had been displaced with argon, 
and kept in a molten state by immersing the bulb in a beaker of warm 
water. A weighed quantity of rubber in small bits was added to the solvent 
and the temperature was maintained at about 45°C. till all the rubber was 
thoroughly dissolved. During the experiment of measuring the absorption. 
a gentle current of warm air was kept blowing on the cell to keep the solution 
in the liquid state. 

For the measurement of absorption, a Hilger Spekker Photometer was 
used in conjunction with a Hilger quartz spectrograph (KE 316) and 


4 


golden 
iso-zenith plates were employed for taking the photographs. No special 
sensitizing of the plates was found necessary since the limit of ultra-violet 
transparency of the solutions was reached earlier than the limit of the sen- 
sitivity of the plates. ‘The source of illumination was a condensed spark 
discharge between tungsten steel clectrodes from a high tension induction 
coil fed with 220 V 25 ~ A.C. on the primary side, the current input being 
in the neighbourhood of 3 amperes. In order to obtain comparable results 
the solutions employed were all of the same concentration of five grams of 
rubber in a litre of solution and throughout, the length of the absorbing 
column was 5 mm. During the experiment the solution contained in a cell 
of 5 mm. length with optically ground quartz end-plates was placed in the 
path of one of the beams while a similar cell containing the pure solvent was 
placed in the path of the other beam, thereby automatically compensating 
the absorption due to the solvent. When the measurement was over, the two 
cells in their own special clamps were supported in front of a quartz 
mercury lamp at a distance of 20 cm., the incident light being as nearly 
normal to the end-plates as possible. Care was taken to avoid even tiny air 
bubbles inside the cells and a fan was kept blowing on the cells from the 
direction of the cells to the are so that the hot air in the vicinity of the arc 


was blown away from the solution. Indeed a sensitive thermometer 
suspended by the side of the solutions did not indicate any noticeable 


change of temperature in three hours. 


3. Results 


From the photographs obtained, the points of equal intensity of the 
two spectra for various values of the extinction coefficient were read off in 
wave-length measure and the results are given in the followung tables. 
The absorption curves obtained by plotting the various values obtained 
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are given in the figures, co-ordinating the extinction coefficients along the 
X-axis and the corresponding equality wave-lengths along the Y-axis. 
The full length curves in the figures represent the absorption before exposure 
while the dotted curves and the chain-dotted curves represent the same 
after 3 hours and 6 hours exposure respectively. 
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Fig.3 Rubber in cyclo hexane 
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Fig.2 Rubber in Ethylene chloride * 
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Fig. 4 Rubber in Heplane 
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TABLE I 
Absorption of Rubber Dissolved in Menthol 


Wave-length of equal iniensity in A 
Extinction —— = ; 
No. coefficient aN a NE ec ie en 
log I, /I After 3 hours After 6 hours 


Before exposure 
ESS CAPCOM expesure | exposure 








1 | 0-1] 3850 | 1100 

2 | 0.2 | 3470 | 3850 4050 
3 | 0-3 5210 3360 3580 
4 | 0.4 | 3050 | 3°50 3270 
5 | 0-5 2980 | 3150 3170 
6 | 0-6 2850 | 3050 3070 
7 | 0-7 | 2780 2950 2960 
8 | 0-8 | 2690 2820 2830 
9 | 0-9 | 2675 2770 2780 

| 
10 | 1-0 | 2650 | 2730 2740 
11 | lt | 2625 2650 2650 
12 | 1-2 2600 q 2620 2620 
13 | cs | 2590 | 2610 2610 
14 | 1-4 2585 | 29585 2600 

| 
15 | 1-5 2575 | 2580 2590 
16 | 1-6 | 2560 | 29575 2585 
17 1-7 2530 | 2565 2575 

| 
18 1-8 | 2520 | 2560 2570 
19 1-9 2515 | 2555 2570 


2:0 | 2510 | 2550 2570 
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TABLE II 
Absorption of Rubber in Ethylene Chloride 
| Wave-lergth of equal intensity in A 
| Extinction 
No. | coefficient 
log I,/1 Before exposure | After 3 hours After 6 hours 
| oe exposure exposure 
1 | 0-1 | 5000 ~ 5000 > 5100 
2 Q-2 4500 4700 5050 
3 0-3 | 3650 | 1200 1575 
4 0-4 | 3080 | 3950 1400 
5 0-5 | 2980 | 3740 1225 
6 | 0-6 | 2850 | 3620 4100 
| | 
1 0-7 | 2800 | 3530 4000 
8 | 0-8 | 2710 | 3460 3850 
9 | 0-9 2690 | 3370 3710 
10 | 1-0 | 2630 | 3280 3550 
11 | 1-1 | 2620 | 3150 3450 
12 | 1-2 | 2580 | 3100 3210 
13 | 1-3 | 2540 3090 3180 
iM | 1-4 | 2520 3080 3130 
15 | 1-5 | a 
16 | 1-6 | ‘“ | 3010 3115 
17 1-7 | 
| | 
18 | 1-8 | - | 2990 | 3100 
19 | 1-9 | 
2930 
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Extinction 
coefficient 
log I,/I 
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TABLE III 


Wave-length of equal intensity in A 


3efore exposure 


> 5100 
4950 
1500 
4000 
3520 
3080 
2770 
2690 
2590 
2440 


2370 


9395 


aOae 


9207 


“JL0 
2325 


2329 














Absorption of Rubber in Cyclohexane 


After 5 hours 
exposure 


3770 
3300 
2980 


2780 


af 


2425 
2390 
2355 


2345 



























A 


After 6 hours 
exposure 


2920 
2580 
2510 
2480 
2435 
2400 
2370 


2350 


2305 
2305 


2305 
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TABLE IV 
Absorption of Rubber in Heptane 





Wave-length of equal intersity in A 
Extinction 








| 
No. | coefficient | a pa 
log I,/I | After 3 hours | After 6 hours 
| Before exposure exposure exposure 
| 
= | 

1 0-1 | > 5000 3780 3110 

9 | 0.2 | > 5000 3300 2840 
| 

3 0-3 | > 5000 | 3110 2670 

4 0-4 | 1700 3000 2550 

5 0-5 | 4300 | 2710 2500 

6 | 0-6 | 3650 | 2560 2460 

7 | 0-7 | 3350 | 2520 2400 

8 0-8 | 3050 | 2490 | 2360 

9 | 0-9 | 2930 | 2460 | 2350 

10 | 1-0 2850 2400 2340 

1 1 2710 2365 2335 

12 | 1-2 | 2590 | 2335 2325 

13 ie 2480) | 2330 2315 

14 1-4 2420 | a | 2310 

15 | 1-5 2360 | | 

16 1-6 | 2340 | - | 2300 

17 1-7 | 2330 | ae 





4. Discussion 
The results in general confirm the earlier observations that the light 
absorption of rubber is very small in the visible region, appreciable below 
2700 A and tending towards a maximum at about 2000 A and that through- 
out it is of a general nature and not selective. ‘The remarkable observation, 
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however, that comes out of the present investigation is the fact that the 
behaviour of rubber in menthol and ethylene chloride is different from 
what it is in heptane and cyclohexane. In the polar solvents, menthol 
and ethylene chloride, ultra-violet irradiation increases the light absorption 
of rubber while a similar cause in the non-polar solvents heptane and cyclo- 
hexane diminishes the absorption. In other words, due to ultra-violet 
irradiation, rubber becomes more transparent when dissolved in non-polar 
solvents and less transparent when in polar solvents. Obviously any expla- 
nation of this behaviour should take into account the solvent effect on 
rubber particularly with respect to the size of the molecule, the formation 
of micelles, the degree of solvation and so on. Here, however, one has to 
tread rather very doubtful ground since there is a great deal of disagreement 
even among chemists on the molecular state of rubber while in different 
solvents. It is known from the work of Staudinger? and others, that rubber 
exists as enormous macro-molecules in non-polar solvents like benzene 
while it would appear from the work of Pummerer® that in polar solvents 
like menthol, the molecule is very much smaller. The fact that on removal 
of the solvent, rubber from menthol solution behaves in an_ identical 
manner with rubber from benzene solution points to the conclusion that 
essentially the chemical nature is unaffected by solvents but that the size 
of the molecule in the presence of the solvent is affected. Examination of 
rubber by means of X-ray and electron-diffraction methods leads one to the 
conclusion that micelle structure is not very likely, if by micelle is meant 
a large stable clustering of molecules.!° Also from the large elasticity and 
high extensibility of rubber it is known that the van der Waal forces between 
rubber molecules should be very small, indeed too small to warrant any 
stable micellar structure. Even if weak van der Waal forces are assumed 
to produce some kind of loose micelles, it is hard to understand how the polar 
solvent has a better chance of breaking down the van der Waal forces than 
the non-polar solvent. If, therefore, one is forced to admit that rubber in 
solution is truly molecular and not micellar, it is rather difficult to escape 
the conclusion that in polar solvents a definite breaking down of the molecule 
takes place. The cause of this breaking down of the molecule may be 
simply the field of force of the solvent molecules and then it is quite natural 
that on removal of the solvent and the corresponding field of force, the 
original size of the rubber molecule should be restored.1!_ Several workers 


* Staudinger, Caoutchouc et guttapercha, 1935, 32, 17209. 

9» Pummerer, loc. cit. 
10 ** Chemistry and Technology of Rubber”, 4.C.S. Monograph, 1936, 74, 134. 
11 Refer Memler, Science of Rubber, p. 489, et. seq. 





‘J 
n 











Ultra-Violet [rradiation of Rubber 195 
in the field have pictured the rubber molecule as a spiral or a snake-like 
kinked chain but whatever model be assumed it is obvious that in a giant 
molecule of the kind that rubber is supposed to be, there should occur 
periodical places in the molecule where the bonds are definitely angular 
instead of linear and it is just at these angular points of weak binding™ 
that one might expect the field of polar molecules to exert their disruptive 
action. 

It appears, accordingly, justifiable to assume that in non-polar solvents, 
rubber exists in a highly polymerised condition while in a polar solvent the 
degree of polymerisation is of a much lower level. Further 1t is known from 
the work of Asano™ that ultra-violet light, in the absence of oxygen, 
produces both polymerisation and depolymeiisation of rubber. Now if 
two opposite changes like polymerisation and depolymerisation can be 
induced by the same cause in a system, evidently, by the law of mass action 
the course of changes will be greatly determined by the initial conditions 
of relative concentration of the different components. ‘Thus if the initial 
condition is one of low degree of polymerisation as in polar solvents the 
effect of ultra-violet light would be to induce a higher stage of polymerisation 
and vice versa. We can thus picture a tentative explanation of the difference 
in behaviour in polar and non-polar solvents. Again, an examination of the 
curves shows that in the major part of the region, before exposure to ultra- 
violet light, the light absorption of rubber is greater in non-polar solvents 
than in polar solvents. ‘This would lead to the assumption that in the more 
polymerised state rubber has got a greater absorbing power than in the less 
complex state. ‘Lhe efiect of ultra-violet irradiation in the case of polar 
solvents which leads to the formation of more complex molecules will 
therefore lead to increased absorption while in the case of non-polar solvents 
it should lead to the opposite eifect. 

To see if any support to the above conception can be had from other 
considerations, a preliminary study of the effect of ultra-violet irradiation 
on the viscosity and surface tension of rubber solutions was made with 
tubber dissolved in heptane, cyclohexane, ethylene chlovide and cyclo- 
hexanone. As before, the solvents were freed of any dissolved air by boiling 
under reduced pressure and the solutions were made in vessels from which 
the air had been previously displaced by a slow prolonged stream of argon. 
Viscosity was measured by means of an Ostwald viscosimeter, and surface 
tension by means of a DuNuoy balance. The solutions in non-polar solvents 


12 Refer Meyer and Lotmar, Helv. Chim. Acta., 1936, 19, 68, 
13 Asano, Ind. iiubber J., 1925, 70, 307, 347, 389, 
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had an initial viscosity more than hundred times that of the solvent but this 
value showed a rapid decrease with increasing amount of irradiation with 
ultra-violet light till at the end of about a hundred hours of irradiation the 
viscosity had come down nearly to that of the solvent. In the case of the 
polar solvents the initial viscosity was only about four or five times that 
of the solvent and irradiation for over a week only reduced it to about 
three-fourths of its previous value. Surface tension hardly showed any 
appreciable change even after a week’s exposure in the case of all solutions. 
It would appear from the above observations that ultra-violet light 
breaks down the rubber molecule when in non-polar solvents, while in 
polar solvents apparently there is not much effect. This might reasonably 
be anticipated if we postulate the existence of fairly small molecules in 
polar solvents, which have been broken down to the minimum stable size by 
the action of the solvent. This however could not tell us anything definite 
as to whether actual polymerisation does not take place under irradiation in 
polar solvents. It would be interesting to seek for independent evidence 
on molecular dimensions under different conditions by studying the de- 
polarisation of scattered light by the method employed by Krishnan" in 
his study of colloids and liquid mixtures. 


In conclusion, the author wishes to record his grateful thanks to his 
Professor, Sir C. V. Raman, Kt., F.R.s., N.L., for his kind interest in the 
course of the work. 


3. Summary 


The absorption of light by rubber when dissolved in polar and non- 
polar solvents is measured before and after exposing the solutions to ultra- 
violet light in the absence of air. It is found that irradiation with ultra- 
violet light makes rubber more transparent when in non-polar solvents and 
less transparent when in polar solvents. The state of rubber in solution 
is reviewed in the light of present-day knowledge and a tentative explanation 
of the absorption phenomenon is suggested on the assumption that the 
rubber molecule in a polar solvent is depolymerised by the field of the 
sclvent molecule and that ultra-violet light produces both polymerisation 
and depolymerisation of rubber according as rubber initially is in a low or 
high state of polymerisation. A probable support to this conception from 
measurements of viscosity is indicated. 





14 R.S. Krishnan, Proc. Ind. Acad. Sci., 1934, 1, 211, ete. 
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1. Introduction 


In the study of Raman spectra, it is usual to illuminate the substance with 
unpolarised light and to photograph the scattered radiations in a trans- 
verse direction. It is now well recognised that it is necessary to supplement 
the measurements of the frequency shifts observed in the spectra by esti- 
mates of the intensity of the lines and particularly by determinations of 
their state of polarisation. Such observations enable us to ascertain the 
characters of the molecular vibrations and to infer therefrom the symmetry 
properties of the molecule. When the Raman efiect is studied with single 
crystals, it is obviously possible to obtain a wider range of information than 
in the case of substances in the amorphous condition. Retaining the 
principle of transverse observation, we may vary the orientation of the 
crystal with reference to the directions of incidence and observation, and 
it is to be expected that the intensity and the state of polarisation of the 
scattered radiations would then also alter. Further, the nature of the 
incident light is at our disposal: it may be unpolarised, or polarised with 
the electric vector either perpendicular or parallel to the direction of observ- 
ation. Corresponding to each possible orientation of the crystal and each 
possible state of polarisation of the incident light, the intensity and state 
of polarisation of each of the Raman lines should naturally be expected to 
be different. A wealth of information may thus be obtained regarding each 
particular crystal and from such data we may expect to ascertain much 
more about the properties of the molecules or the ions contained in it than 
would be possible with the same substance in an amorphous condition. 
There has not been any great volume of work done on the Raman 
spectra of orientated crystals with polarised excitation. Cabannes! and 
his collaborators ; Miss Osborne?; Schefer, Matossi and Aderhold®: as also 
Heinrich Michalke* are the few investigators who have interested themselves 
in this problem. In selecting substances for such studies the crystalline 


* A preliminary note which appeared in Nature of the 22nd April 1939, recorded 
some of the results contained in this paper. 
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nitrates and carbonates naturally suggest themselves as favourable material, 
The structure of these substances is well known and is fairly simple. 
Further, they exhibit in many cases a strong birefringence which has been 
explained as due to the optical anisotropy of the CO, and NO, groups 
respectively present in them. There is thus a prospect with these sub- 
stances of obtaining interesting results and of successfully interpreting the 
same. Indeed, amongst the substances which have been used in such 
studies calcite and sodium nitrate have figured prominently. In view of 
the ease with which sodium nitrate may be crystallised from melts and 
cut into blocks of known crystal orientation, this substance is specially 
suitable for a thorough and detailed investigation. Such an investigation 
appeared all the more desirable because in the work of Cabannes and Canals, 
and of Schefer, Matossi and Aderhold with sodium nitrate, the incident 
light was unpolarised; the information obtained was therefore rather 
meagre and did not fully reveal the remarkable behaviour of the lines of 
small frequency shift (98 and 185) as contrasted with the behaviour of the 
lines of greater frequency shifts (720, 1065, 1385 and 1669). As will be seen 
from the present paper, the special behaviour of the low frequency Raman 
lines enables us to arrive at important conclusions regarding the nature 
of the oscillations in the crystal which give rise to them. As was shown 
in an earlier paper by the author,> these same low frequency lines broaden 
out unsymmetrically with rising temperature and are replaced by a conti- 
nuous wing in the molten substance: their thermal behaviour differs 
notably from that of lines with larger frequency shifts. 


In the present investigation some preliminary results are also described 
on the Raman spectrum of sodium nitrate observed in longitudinal scatter- 
ing, in other words, when the light is incident parallel to the direction of 
observation and is scattered backwards. Remarkable changes are observed 
in this case in the relative intensities of the Raman lines when the orient- 
ation of the crystal is varied, even when the incident light is unpolarised. 
Here again, striking differences are noticed in the behaviour of the low 
frequency lines (98 and 185) which arise from the oscillations of the crystal 
lattice and of the lines of higher frequencies (720, 1065, 1385 and 1669) 
due to the internal oscillations of the nitrate group. 


2. Experimental Arrangements 


To enable the actual characteristics of the scattering units in a crystal 
to be ascertained by investigations on the lines indicated above, it is essen- 
tial that the directions of vibration of the incident light reaching any 
particular volume element inside the crystal and of the scattered vibrations 
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starting therefrom should be respectively identical with those of the incident 
and scattered beams outside the crystal ; in other words, the directions of 
vibration of the incident and scattered light should not undergo any altera- 
tion by the passage through the crystal. The condition necessary to 
accomplish this is that the directions of incidence and observation and as 
a consequence also that of the incident light vector should coincide with 
one or the other of three mutually perpendicular directions inside the 
crystal, the optic axis of the crystal (assumed to be uniaxial) being coin- 
cident with one of such directions. Further, the crystal itself would have 
to be cut in the form of a rectangular parallelopiped so that its edges are 
parallel to these three directions. In the present case, we shall designate 
the direction of the incident light by OX; the scattered light is observed 
along OY and the directions of the three edges of the crystal are OX, OY 
and OZ. The relative orientations of the optic axis with respect to the 
directions of incidence and observation which are then possible as well as 
the various possible components of vibration in the incident and scattered 
beams are listed in ‘Table I. 
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The crystal used for the work was prepared from a melt of the speci- 
ally purified substance by the same process as the one described in the 
previous paper of the author. ‘The axis of the crystal was fixed by noting 
its preferred orientation in a strong magnetic field and after cutting it into 
shape (2 x 1-5 x 1-3cm.), the direction was confirmed by obtaining the 
black cross quite symmetrical about the normal to the pair of faces con- 
cerned when examined between crossed nicols in convergent light. In the 
experimental set-up for photographing the spectra for the various cases, 
the crystal was contained in a rectangular brass box which was blackened 
inside and provided with windows for the incident and scattered light to 
pass through. A system of black stops fitted at the windows, besides 
cutting off parasitic light, served to confine the incident and scattered beams 
to mutually perpendicular directions. Light from a mercury pyrex arc 
was condensed by means of a lens at the centre of the crystal and care was 
taken to see that the beam was normal to the two faces of the crystal 
concerned. It should, however, be observed that the direction of incidence 
would be perfectly determinate only if a parallel beam of light is used to 
illuminate the crystal. But in order to obtain pictures with a reasonable 
time of exposure, the use of a condensing lens in the path of the incident 
beam is practically unavoidable. The maximum semi-convergence angle 
thus introduced in the present experiments was about 12°. An accurately 
oriented polaroid interposed in the path of the incident light between the 
condenser and the crystal served as the polariser. 

The scattered light was focussed on the slit of the spectrograph by 
means of a lens of small aperture. When it was desired to record the states 
of polarisation of the scattered radiations, a double-image prism of 
Wollaston type properly oriented was interposed in the path of the same. 
The spectra were photographed on Selochrome plates by means of a two- 
prism spectrograph of high light-gathering power and with a dispersion of 
28 A/mm. in the 4358 region. 

The photographs for longitudinal scattering were obtained by sending 
the incident unpolarised light into the crystal by the use of a right-angled 
prism and viewing the scattered light backwards against a distant dark 
background. Owing to experimental difficulties it was not possible to 
examine the scattered light exactly backwards along the direction of inci- 
dence. ‘The directions of incidence and observation were inclined to each 
other at an angle of about 10°, 


3. Results 


As will be seen from ‘lable I, it is possible to obtain 27 different spec- 
trograms of the light scattered by a crystal of sodium nitrate under the 
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various experimental conditions indicated, namely, 3 for the three different 
orientations of the crystal if the incident light is unpolarised and the scat- 
tered light is not analysed (Col. 2), 6 with the incident light unpolarised 
and with the scattered light analysed (Col. 3), 6 with the incident light 
polarised and scattered light not analysed (Col. 4), and 12 if the incident 
light is polarised and the scattered light is also analysed (Col. 5). Exclud- 
ing the 6 spectrograms which give the analyses of the scattered light when 
the incident light is unpolarised and which have not been obtained in the 
present investigation, we have 21 spectrograms which have all been obtain- 
ed and are reproduced in Plates XIII and XIV. The first 9 pictures taken 
without analysing the scattered light are grouped into 3 each (a, b, c respec- 
tively) and shown in Figs. 1, 2 and 3. ‘The 12 pictures for the analysis 
of the scattered light when the incident light is polarised are shown in Figs. 
4, 5 and 6 containing 4 each (a, 6, c and d respectively). The diagrams 
given by the side of the spectrograms show the directions of the incident 
and scattered rays as also the disposition of the NO, group relative to 
them. Further, the directions of the optical vibrations in the incident 
light (I.L.) are indicated, as also those in the scattered radiations (S.L.), 
Vibrations along OX and OY are represented by arrows parallel to these 
axes, whereas a circle with a central dot indicates that the vibrations are 
along OZ. 


Comparing the spectrograms for the different orientations of the crystal 
with the incident light unpolarised (igs. 1 a, 2a and 3 a), the most striking 
feature is that while the two lines of small frequency shift (98 and 185) are 
of comparable intensity in the three pictures, the line of frequency shift 
1065 due to the symmetric oscillation of the NO, ion is very weak when 
the plane of the ion coincides with the plane containing the incident and 
scattared rays (Fig. 3a). Similarly it will be seen that the 1065 line is 
very weak in Fig. 30 as compared with Tigs. | @ and 20; in all three of 
these cases, the incident light is polarised in the same way, but the orienta- 
tion of the crystal is different. The lines of frequency shifts 720 and 1385 
due to the degenerate oscillation of the NO, ion also behave in a similar 
way. These effects clearly indicate that the changes of polarisability of 
the NO,- ion due to its internal oscillations are of much smaller magnitude 
when its optical polarisation is perpendicular to the plane of the ion than 
when it is parallel to it. 


A very interesting fact noticed in the present investigation is that the 
two low frequency lines disappear while the internal oscillations come out 
strongly in the spectrum of the light scattered along the optic axis when the 
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incident light vector lies in the plane of the NO, ion (Fig. 2 0). On the 
other hand, the same low frequency lines come out strongly while the 
internal oscillations disappear in the light scattered along the optic axis 
if the incident light vector is perpendicular to the plane of the NO, ion 
(Fig. 2c). This reciprocal behaviour of the two kinds of oscillation is mani- 
fest in every one of the 12 spectrograms (Figs. 4, 5 and 6) obtained with 
the incident light polarised and the scattered light analysed, and indicates 
clearly that the periodic changes of polarisation responsible for the two 
low frequency lines arise in a manner fundamentally different from that 
operative in the case of the internal oscillations. We shall return to this 
point later. It will be noticed that the behaviour of the 98 and 185 lines 
is closely analogous. A reversal of the relative intensities of these two 
lines is, however, noticed in those cases where both these lines appear only 
very feebly in the spectrograms ; see Fig. 6c for example. 


Assuming trigonal symmetry for the NO, ion, theory indicates that the 
1065 line due to symmetric oscillation of the same would be conspicuous 
for directions of observation perpendicular to the incident light vector and 
that the scattered radiations would then have their vibrations parallel to 
those in the incident light. Then again, this line should disappear when the 
direction of observation is along the incident light vector. ‘The disappear- 
ance of the OX component of the 1065 line in Fig. 4 a is in agreement with 
the first of these predictions from theory. But on the other hand, the appear- 
ance of the same component conspicuously in Fig. 5 a, and also but not so 
clearly in Fig. 6a are not in agreement with the same. ‘The disappearance 
of the 1065 line in Fig. 2c and of both its components in Figs. 5c and 5d 
respectively is in agreement with the second theoretical expectation. But 
on the other hand, the appearance of the 1065 line conspicuously in Fig. 1 ¢ 
and not so clearly in Fig. 3c are definitely in disagreement with the same. 
In the same way, the appearance of the 1065 line with ccnsiderable inten- 
sity in Fig. 4d, and not so conspicuously in Fig. 6c are definitely ano- 
malous. ‘The intensity with which the 1065 line appears in some of these cases, 
namely, in Figs. 1 c, 4d and 5a is too great to be attributable to the use of 
a convergent pencil for the illumination of the crystal; and the same is 
probably the case with regard to its appearance less strongly in Figs. 3¢ 
and 6c. On the other hand the 1065 line appearing very weakly in 
Fig. 6a is almost certainly due to the convergence of the incident beam. 
We shall return to these points later. 
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Direction of 
vibration of 
the incident light | 


TABLE II 





V4 =— 98 | V5 = 185 V3 = 720 


Relative intensities of Reman Lircs 








Unpolarised 
(YZ Plane) 


lto OZ 


/to OY 


Unpolarised 


to OZ 


Zto OY 


Unpolarised 


lto OZ 


i to OY 





35 


29 


40 


109 


S4 
100 
100 

0 
100 
100 
100 


100 





TABLE III 





Direction of | 
vibration of | 
incident light} 

along 


| 
| 
| 
| 
| 
| 


Relative intensities of components of Raman 
t 














OZ 
OY 
0% | 
OY | 
OZ 


| 
| 
oy | 





9 


2 
5 


3 


36 


9 


29 





Vo = 1385 
| 45 
| 
| 20 
| 
| 22 
| 
| 28 
| 26 
| 0 
[ 20 
| 0 
| 25 
lines 
| 1385 
| 
Bs 
| OX OZ 

0 8 

0 15 

10 ll 

0 0 
| 

9 | 0 

42 | 0 





Quantitative measurements of the intensities of the Raman lines for 


the various cases examined are given in 


Tables II and III. 


They are 


obtained as usual by microphotometering the plates and comparing the 
curves with density-log intensity diagrams obtained by the method of 


varying slit-widths. 


For the spectrograms 


obtained when the incident 


light is polarised and the scattered light is analysed, the tabulated inten- 


sities of the lines are those derived from the observed values by correcting 
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for the spectrographic error due to oblique refraction at the faces of the 
prism. In able Il the values are given relative to the most intense line 
in any particular picture taken as 100, while in Table III they are relative 
to the most intense line in the two components of the scattered light for 
the particular orientation of the crystal and of vibration of the incident 
light taken as 100. The intensities of very weak components of the lines 
are recorded by visual estimate as the corresponding densities do not lie 
in the straight portion of the density-log intensity curve. 

Figs. 7a and 7 } in the Plate show the spectrograms for two cases of 
longituditial scattering of unpolarised light by the crystal. As was pre- 
dicted theoretically by Professor Raman, the low frequency lines (98 and 
185) practically disappear in the light scattered along the optic axis (Fig.7 a) 


+ 


whereas in the perpendicular direction (Fig. 7 0) they appear strongly. 


It is noticed, however, that the disappearance of the line 98 in Fig. 7 a is 


rr 


not so perfect as that of 185. ‘The 1065 line appears much stronger in 
Vig. 7a than in Fig. 70. Thisis to be expected since in the former case, 
both the components of the light vector in the incident light lie in the plane 
of the NO, group, while in the latter case one component lies in this plane 
and the other component is perpendicular to it. 
!. Discussion of Results 

As is well known, sodium nitrate has the same crystal structure as 
calcite and belongs to the space group D,,°. The unit cell contains two 
melecules. ‘The nitrate ion has a plane structure with the three oxygen 
atoms situated at the corners of an equilateral triangle and the nitrogen 
atom at the centroid. ‘The sodium atom les on the perpendicular to the 
triangle passing through the centroid aud this direction coincides with the 
optic axis of the crystal. W. L. Bragg® has shown that the main part of 
the birefringence of the crystal is due to the different magnitudes of polar- 
isation of the nitrate ion under the influence of the electric field parallel 
and perpendicular to its plane. The molecular refractivities in the two 
directions, after subtracting the ionic refractivity of sodium (R’, and R’,) 
based on the observed ordinary and extraordinary refractive indices are 
11-83 and 7-0 respectively. Hence, the polarisibilities in the plane (j,q) 
and perpendicular to it (wg) are related as 

Pa L-69 yp. 

Lattice Oscillations.---It is evident that the low-frequency lines 98 and 

185 do not originate from internal oscillations of the NO, ion and hence 


they can be ascribed to bodily motions of these ions in the crystal lattice. 
In a recent memoir, Bhagavantam and Venkatarayudu’ (1939) have given 





























Effect of Crystal Orientation on the Raman Spectrum of NaNO, 205 


the twelve possible modes of vibration of the crystal lattices of the calcite 
type from a knowledge of the normal co-ordinates derived from group- 
theoretical considerations. Diagrammatic representation of the t wo modes 
among them which alone are Raman active is given below: 


_ 





Fic. 8 


Since the NO, ion is anisotropic, the tilting oscillation of the ion repre- 
sented in Fig. 8 (2) should give rise to an intense line in light scattering, 
whereas the effect produced by the motion of the ion in its own plane 
should be much less conspicuous. We may therefore reasonably identify 
the stronger line 185 with the vibration represented in Fig. 8 (2) and the 
weaker line 98 with the vibration pictured in Fig. 8 (1). 

To consider in some detail the tilting oscillations of the NO, groups 
in the crystal lattice, we take here a particular case where the plane of the 
ion coincides with the YZ plane and the incident light-vector is along OZ. 
A tilting of the plane of the NO; ion about the direction OZ which is the 
direction of the incident light vector does not result in any variations of 
polarisation. A tilting of the ion about the axis OY will, however, cause 
a change in its polarisation. A tilt of an angle @ in its plane would give 
rise to moments pa, E cos @ and ps, E sin 8 parallel and perpendicular respec 
tively to the plane. The resolved components of the oscillating dipole 
along OZ and OX are respectively 

Epa cos 2ant — E cos 27nt (ug — pg) Sin? (8 sin 27v/t) 
and 

4 E cos 2ant (wa — pp) Sin (28 sin 27y/t) 
n being the frequency of the incident light-wave and v, the frequency of 
angular oscillation. The amplitude of oscillation being small, the OZ 
component involving 4 can be neglected. Thus, the only component which 
A7 F 
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appears is parallel to OX and is given by 
1 EO (ws — pg) [Sin 2a (wm + v,) t + sin 27 (n — v,)t) 
and hence, the strength of the oscillating dipole is 


bE@ (wy — pp): 
The maximum amplitude of oscillation can be readily derived and is given 
by 
ii rts 

mm" R* vy, 

where R represents the distance between the N and O atoms; m is the 
mass of the O atom, and / is Planck’s constant. ‘Thus in the above case, 
if the scattered light is analysed, the line due to this tilting oscillation 
should appear only in the OX component. 


Similar considerations give the directions of the oscillating dipole for 
the six possible cases of incidence of polarised light ; these are given below 
in tabular form. It should be remembered that OY being the direction 
of observation, a dipole along this line gives no observable radiation along 
it. ‘able IV accordingly indicates the presence or absence of the 185 line 
and is in each case in agreement with the experimental observations on the 
behaviour of the line. In particular, the disappearance of this line in the 
light scattered along the optic axis when the incident light vector is in the 
plane of the NO, ion is clearly indicated by Table IV. 


TABLE 1V 








Orientation of Incident light Ax's of dipole 
the optic axisis | vectorisalong § giving 185 line 
along | lies along 
| Oz | ox 
ox | 
OY Ox 
OZ OY 
OY | 
OY | OX and OZ 
| OZ | OX and oO 
OZ | 
oY | OZ 





The cases of longitudinal scattering are also covered by Table IV; 
when the direction of vibration in the incident light lies in the plane of the 
NO; ions, the axes of the dipoles arising from the angular oscillations of 
the ions would lie along the optic axis and, hence, the line should disappear 
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from the spectrum in this direction. On the other hand, the line should 
appear strongly in the longitudinal scattering when this is perpendicular 
to the optic axis. 


The intensity of the line 185 can be calculated from simple considera- 
tions. The moment of the oscillating dipole which gives rise to the line 
has been shown to be 

SEO (144 — pp). 
The intensity of the displaced line of wave-length A, in the spectrum of the 
scattered light is accordingly proportional to 
47° h 
Af 3mR? v, (Ha — He)”. 

The similarity of the behaviour of the two low-frequency lines indicates 
that the 98 line is also to be regarded as due to an angular oscillation of the 
NO, ions. This can be reconciled with the motion pictured in Fig. 8 (1) 
if the latter is considered as being equivalent to a tilting of the whole group 
consisting of the two NO,- ions and the sodium ion in between, about axes 
passing through the sodium ion and perpendicular to the optic axis. 


Comparison of the intensities of the internal and the lattice oscalla- 
tion.—A striking feature of the spectra is the fact that the low-frequency 
lines are of comparable intensity with the lines of large frequency shift. 
We may explain this by comparing the intensities of the lines 185 and 
1065 to be expected theoretically. Taking the case of the symmetric oscil- 
lation, if o be the amplitude of oscillation of frequency vp», the relative 
displacement A R of the O atom from its equilibrium position at any 
justant is given by 

A R =a cos 27 vot 
and the total energy of the oscillator is 

6777 v.20". 
Equating this to one quantum of energy iv», the maximum amplitude is 
obtained. Thus 

2s. & 
6 7? V_ 

The strength pp, of the induced doublet may be written as the sum of a 


; 1 
constant part pag and a variable part a - AR. Hence, pa at any 


instant is expressed as 


, a 
La = (H00 Tr = . AR) cos 2a nt. 
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Substituting for A R we get 
Wii as). 
Ha = Pag COS Zant + bu i sin 27 (7 vo) + Sin 27 (mM + Vo) t}. 
af 
The intensity of the displaced line of wave-length A» in the spectrum of 
the scattered light is therefore proportional to 


tar" (ee ) ‘ h 
A,' \dR 6UtV 9 


An? (dus \* h 

A! (=)  6MV5 
according as the incident light-vector is parallel or perpendicular to the 
plane of the NO, ion. From the graph drawn with Bragg’s data for the 
variation of py, with N-O distance it is found that 
dus 11- 
dR I I- 


The intensities of the 1065 line and the 185 line when the incident light- 


or to 


R 


=“ 
a ° 
aq‘ Ha = Ha approximately. 
Od 
vector is parallel to the plane of the NO, ion are accordingly in the ratio 
of the two quantities 
i7* = ba* An h (pea Hp)? 
Ao" 3mR? ZV9 A," 34n R2 Vv; 


Computation shows that the latter is distinctly larger of the two. 


and 


Internal Oscillations.—We have four observed frequencies correspond- 
ing to the internal oscillations of the NO; ion; namely, 720, 1065, 1385 
and 1669. ‘The various modes of oscillation of the ion which give rise to 
these lines are well known from the work of Kornfeld,’ Nielsen,® Menzies!® 
and others. ‘The intense line v,= 1065 corresponds to the symmetric oscil- 
lation which consists in the simultaneous movement of the oxygen atoms 
along the N-O bonds. The doubly degenerate lines vg = 720 and vy, = 1385 
are due to deformation oscillations giving an electric moment in the plane 
of the NO, group. ‘The line 1669 is identified as the overtone of the 
frequency v,= 830 arising from the oscillation of the nitrogen atom along 
the symmetry axis of the molecule which is Raman inactive. In the 
present investigation, observations on the line 1669 have not been made 
in view of its extreme feebleness in the spectrograms. The general behaviour 
of the remaining three lines has been described in Section 3. 


Leaving out small anomalies which can be ascribed to the convergence 
of the incident light used in the experiment, we find from the recorded 
spectra that for all the three internal oscillations, the axes of the dipoles 
giving rise to the observed radiations are perpendicular to the plane of the 
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NO,;- ion if the incident light vector is perpendicular to the same. On the 
other hand, the axes of the dipoles are in the plane of the ion if the incident 
light vector lies in this plane. Further, as is to be expected from the 
marked optical anisotropy of the NO, ion, the strength of the dipoles is 
much greater in the latter case than in the former. The 1065 line corres- 
ponding to the symmetric oscillation of the ion is actually found to be 
several times stronger when the polarisation is parallel to the plane than 
when it is perpendicular to it. 

Considering the case when the incident light vector lies in the plane 
of the NO,- ion, we find, as is to be expected, that the dipoles correspond- 
ing to the degenerate oscillations 720 and 1385 have components both 
parallel and perpendicular to the incident light vector, these being of com- 
parable intensity. ‘That a perpendicular component (though much weaker 
than the parallel component) is to be observed even in the case of the 
symmetric oscillation (1L65) has already been remaiked upon and is an 
unmistakable fact. ‘This appears to indicate that the individual NO, ion 
does not possess a trigonal symmetry in its cwn plane, or alternatively that 
the incidence of a linear electric oscillation gives rise to an elliptic polar- 
isation in the plane of the ion. ‘This is a point requiring further elucidation. 

In conclusion, the author wishes to record his grateful thanks to 
Sir C. V. Raman for his inspiring guidance and sustained interest in the 
present work. 

Io. OQummary 

The paper reports a detailed study and evaluation of 23 different 
spectrograms obtained with a single crystal of sodium nitrate, correspond- 
ing to different orientations of the crystal relative to the directions of 
incidence and observation and different states of polarisation of the incident 
and scattered radiations. The most striking feature indicated by the 
spectrograms is the reciprocal behaviour of the two low-frequency lines 
(98 and 185) as compared with the internal oscillations of the NO, ion 
(720, 1065 and 1385)—the former appearing when the latter disappear, 
and vice versa—when the incident light is polarised and the scattered light 
isanalysed. It is found further that the two low-frequency lines disappear 
in the longitudinal scattering of unpolarised light incident along the optic 
axis. ‘These observations indicate that the oscillations giving rise to the 
low-frequency lines are in the nature of a torsional movement or tilt of the 
NO, ions in the crystal lattice, and confirm the theoretical deductions of 
Bhagavantam and Venkatarayudu. The strong birefringence of the crystal 
manifests itself in light scattering, being responsible for the fact that 
the internal oscillations appear more strongly when the incident light vector 
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is in the plane of the NO, group than when it is perpendicular to the same, 
It is quite definitely established by the spectra that for the symmetric 
oscillation of the NO, ion excited by light-vibrations in the plane of the 
ion, the moment induced does not coincide in direction with the incident 


4 


light vector. ‘This appears to indicate that the individual NO, ion does 
not possess a trigonal symmetry in its own plane or, alternatively, that the 
incidence of a linear electric oscillation gives rise to an elliptic polarisation 
in the plane of the ion. 
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A NEW PROOF OF MEHLER’S FORMULA AND 
OTHER THEOREMS ON HERMITIAN POLYNOMIALS 


By K. S. K. IYENGAR 


(Department of Mathematics, Central College, Bangaiore) 
Recsived S2ptember 2, 1939 


1. Many proofs of Mehler’s formula, namely, 


= ' mer — ‘. "\(i : 2) 
= i By (x) ; fy, (V) a é : 


0 Vail — ft?) 


, 


| ) (ot ef D* (#9 
where uw, (x) = fan p- ia} =a 
have been given, which for the most part have been indirect and elaborate 
as suggested by Prof. Watson in his Notes* in /.L.M.S. (1933). Of the three 
proofs given by Prof. Watson in his Notes, the first one implies a knowledge 
of certain results in the theory of Lagucrre and Bessel functions, the second 
a knowledge of the formula of Saalschutz for generalised hypergeometric 
functions and the third, something of the theory of Fourier ‘Transforms and 
of absolutely convergent infinite integrals. I have here given a proof that 
is different from all the known proofs of Mchler’s formula which involves 
only a knowledge of (i) recurrence formula for H, («), (ii) elementary 
analysis of differentiating a serics term by term. Hence I believe that the 
proof given herein besides being new is the most elementary one. 
Besides this, some interesting equalities (given in 2) giving the order 
of us, (x) for all » and x are derived by elementary methods. 


1 1-3-5---(Q2n—1 
2. Tet &, (x) be as above and a,, oe ae \ On ) n>1 
le Beer Eenn ee 
1 
a = - 
0 Vr 


We shail prove the following results : 


n—- 1 


x 
(A) arn) —4 [ we e~* «x-dx =e-* (bi + W_,) = apn} eae 


x 
te~ 2". (fi _ , e* + xd% 
“0 


* [Notes on Generating Functions of Polynomials, ‘‘ Hermite Polynomials, ’ 
Jour. Math. Soc., London, July 1933, Part 3.] 
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(A’) (A) obviously implies #,? < a marl for all m and x 
n+ 
/2 en 
(B) zy ae +0 (1) +0(* .) 
pot 7 j yn 
(C) From (A) is deduced the known Equation 
a _y2(l—t 
Syn pe — e* Tee 
0 ‘ V (1 — 1?) 


(D) If F (x, y, t) = & 2x5" St” hy (x) + by (¥), itis proved that F is a 
function of x? + y? and Mehler’s formula (as stated in the Introduction) is 
then deduced from (C). 

3. We shall first establish : 

{ (fp? + fd? _,)e-*} = — 4xe- YF (3-1) 
Dt WE + YR.) en) = dae a (3-2) 


Proof of (3-1): Let H, =(— 1)* e* D* (e-*’) and K,? = 


2%-|n- Vm’ 


then D {#2 e~**} = D {K% Hi e-*")} = 2Kie-*' H, {(D H, — 2x H,} 
- 2K e- >" H, -H, +. (since D H, — 2x H, = —H,4,) (3-3) 
Similarly D {#?_, e- 7} = —2 K2_,-e-**-H,-, H, 
— 4n K? e- 23° H, _, - H, (3-4) 
From sis and (3-4) we — 
D { ( + #_,)e7 = — 2K, e-* H, {Hy +1 + 2n H,, - i} 


= —4 Kie- oH - x (since H, +, +2” H,-, =2xH,) (3-5) 
thus establishing (3-1). 
Writing (3-1) as D { (we + W_,) e~ *} + 4x (fF + PR_,) e- *? 
ixe- = 7 _, 
and multiplying the Equation by e*" we obtain 


D { (xb, - pe <i er} = 4x - = 


thus proving 3-2. 


after rearrangement, 
(3-6) 
4. Proof of (A): Integrating (3-1) in (0, x) we obtain, 


(0) + Pa-. (0) —e-* (Hi + Hi.) =4 | ¥ ae 
1 1-3---(2n —1) 


Since wo, (0) a -... Ge =a, and po, +, (0) =0 
Hence 
arg) —e-** (te + ba) = 4 f thems. x. dx (4-1) 











Th 
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Similarly by integrating (3-2) in (0, x) we obtain, 
e (2 + 1) — ag) =4 foes x dx 


Combining (4-1) and (4-2) we obtain (A). 


_- 
os 
bo 

— 


n 
5. Proof of (B): LetS, = 2 i. 
r=1 
From (3-1) we obtain, 


2 D{ (oF + Wi-1) o> *} = Dfe-* (28, + bs — oa) } 
r=1 

= — 4xe~* Sn (5-1) 
i.e, D(e-**S,) +2x-e-**S, =4D {e-* (g2 — ¥) }. 


n 
The L.H.S. =e-**DS,. Hence we have 


' ‘ " Dis a 1 
DS, = eb Dfe-* (yz — 43) = PME — ee + c-# 6-9) 


2 Va . 
Since fr = Jie 
V7 
Integrating (5-2) in (0, x) we obtain, 
r l 
Sy (8) =Sn 0) +E — M0) — f des x de + | (1—e-*) (6-3) 
= Sy (0) +a +B Ty? 
By (A’) a and § are of order 0 (=) (5-4) 


Let n = 2p or 2p +1, then 


Sn (0) =2 of (0) = Faq = 


¥ 9 4. 2p 
ae (3:5: :*(26 +1) ai it 
~ Wael 24e+ OD j 
) 4/ 
ee +0/( v=) oa 
bad Vp Vit 
V2n 
nai + 0 (1) 
Hence (5-3) becomes 
/9 x? 
Sy (4) = 2" +0) +0( =) (5-5) 


thus proving (B). 


6. P P & : t EF 5 4) = od ge Ss = 2. sinc 2 = ( , 
7 roof of (C): Let F (x, t) =e 2 y?. Since #2 = 0 Vari 
the series for F (x, ¢) converges for | ¢| < land all x. 
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Then 
d , \ Be le _@ : 3 -_ 2 = GP eee & 
dx ° (1 + t) E (x, t) $ = Fy 1X Hn I wi) e i") 5 
—_ Sy nn. d 2 2 o—- x7 
one * t = (a, i pe ~) ¢ 5 
- —L(i@-4e-e-* f) = —4x F (x,t) (6-1), 


term by term differentiation being justified since 2 (4% ~e~- +" - {*) 
converges uniformly in any finite range for x, for | ¢#| <1. 
Integrating (6-1) in (0, x), we obtain : 

— 2x? 


F (x, t) =F (0, t) et *# 


‘ o1-3---(2n — 
et Fey -—-f1 +2 ) ome) _— 
V7 { 1 2-4---2n Va(l — ft) 

Hence F (x, t) = de 6-2 

: ey Va (1 — #) ie 

—x? (1—t) 

d civy tei 
‘ PD m x. x) ee ' 
- Ha \*) Vr (l — t) aie 


thus proving (C). 

7. Before proving (D) we shall prove the following two Lemmas: 
LEMMA I. Let H,, (x) and K,, be as defined in 3 ; and let 

B, (%,.v) = K*, -1{y He (y) - H,-1 (*) — * Hy (x) - Hy-, (y) } 

Then we shall prove the identity : 

Bu (%, ¥) — Be-2(%, y) = 2 (9 — x*) K2_, H,_, (%) BH, -1(y) (7-1) 
Proof of (7-1): Now H,, (*) =2x - H,-,(*) —2(" —1)Hy,-2(x) (7-2) 
Hence y H, (y) - H,-, (%) = 2y* - H,_, (vy) H,-1 (x) — 

2(n —1)y H,-2(y) H,,-; (%) 
% H, (*)-H,-1 (y) =2x*- H,-, (x) - H,-,1(y)- 


2(m — 1) %- H,-2(%) - H,-, (y) (7-3) 
Hence 8, (x, y) =2 (y* — x*) K2_, H, -, (x) H,-, (y) + 
Ky ~11% Hy, ot (x) . H,, ae (y) = H, =7 (y) Hy = 2 (x) } (7- 4) 


Making another application of (7-2) to the second term on the right side of 
(7-4), we have: 


Ki_,{*H,-2(*%) - H,-1(y) —~y He-2(y) He-, (x) } 


= a (y H, ~2(y) H, -3 (x) — x H, -2 (x) H,, =< - (y)} se B, —3 (x, y) (7-5) 


Z 


Hence, 


By (%,¥) — By-2(*,y) =2(y — 44) Ki_, Hy-1(*) - Hy-1(y), 
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thus establishing (7-1) 


— 2xpt 


LemMA II. Let F, (x,y, ?) =e!-” = K? H,, (x) - Hy (y) - & 
0 


4 Pa) 4 
we shall prove here y = —%* - = 0 (7-6) 
Proof of (7-6): 
oF ra 2yt 7.7 
> =el-# > Ki_. Hy, - 1 (*) AH, (y) # — 2 2 Fy (x,y,t) (7-7) 
Ox 0 l—t e 
since eRe) = 20 H.., and K? - In = KE? _.,. 
ax 7 t 
Similarly, 
oF i Qxt 
to gi Oe K?_, H, (x) - Hy-1 (y) @ — <—3F, (x, y,t) (7-8) 
oy 0 , . i-? . 
Hence, 
oF oF 
yor _ 4, OF 
" Ox fy 
pl — eT 
= errr se 8, (x, y) me _ - = Fy (x, J; t) 
— 
é 1-2? 


(1—#)* (l—#) ZB, i* —2 (y° — x?) & Ki, (x)- Hy (y) +3} 


p(B [Be — By-2 — 2 Ki_, 2? — 9 Hy 1 (x) - Hy i(y)B 


- 0 by Lemma I [or (7-1)] (7-9) 


term by term differentiation being permissible since the differentiated 
series is uniformly convergent in any finite range of (x, y) for some ¢ such 
that | ¢ | < 1, by property A’ 


8. Proof of Mehler’s formula (D) : 
OF, oF, 


Since by LemmalII y 4 0, 
° ~ Ox oy 
F, = $y (x* + 9°) (8-1) 
and if F (x, y, t) be defined as in 2 (D), then 
F (x,y, t) =F,-e * =@, (x* + y%) (8-2) 
Qtxy 


i.e., Zt” dy (x) + by (y) = e1-* @, (a? + 9%), 
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Putting x = y and applying (C) we obtain 





; —2?(1-—t) 
RAR HPO 2 eee 
Va(l — ft?) ( 
— 2? (1 + t?) 
é. ®, (2 x?) a ae a . 
V—r(1l — t*) 
Hence 
i 2tey_ = (a? + py?) (1 +t) 
: _;72= 9 ._ 72 
2 i” By (x) + Wn (y) -_ ' e : ils 
’ V7 (1 t?) IN 
thus provin ; 
I g (D). de 
ist 
th 
hy 
th 
he 
0! 
ol 
q 
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QUANTUM-MECH ANICAL INTERPRETATION OF 
A RESULT CONCERNING HERMITE POLYNOMIALS 


By B. S. MApHAVA RAO 
Received September 21, 1939 


IN two papers appearing elsewhere in this issue,1 K. S. K. Iyengar has 
derived some interesting results connected with the squares of the normal- 
ised Hermite and Laguerre polynomials. In view of the fact that these are 
the eigen-functions for the harmonic oscillator, and the radial part of the 
hydrogen problem respectively, I have thought it worth while to examine 
their quantum-mechanical interpretation. The result of the examination, 
however, yields no new results of interest but only an obvious description 
of the motion of the system concerned. It is nevertheless interesting to 
observe how, by the use of probability considerations, the result in 
question is reached by extremely elementary analysis. 

As likely to yield the simplest interpretation, I choose eqn. (A’) of the 
first paper® which is equivalent to the result 


B 
Lt f (K,H,)*dx =0 (1) 


n—> co a 


aand 8 being two limits of integration, K, the normalising factor given by 


1/x..* = 2% (nm !) \ 7 (2) 
and H, (x) =(—1)*e* d — ‘ (3) 


The integral on the left-hand side of (1) denotes the probability of finding 
a particle in the range (a, 8), the particle being treated as a linear harmonic 
oscillator from the point of view of wave mechanics. On the basis of the 
correspondence principle the quantum-mechnical case approximates to the 
classical case as the quantum number ™ approaches oo. Since we are 
considering the result as m — oo, we might consider the probability function 
as given by the latter case. 


Starting with the Hamiltonian 
EB =H (p,9) =P*/2u +4 hg? 
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and using the notations, x 


B. S. Madhava Rao 


= q 4 b, 


. k 
™” 2a pe 


a 87r7u E /h? 
b 4m’ uvolh 


the potential energy U 27" y—2ug?, and in the classical case U < E and 
the maximum amplitude of the oscillation is given by E —U =0 


ae E 

70 LTP UV 9 
a a _ 2 : 

— bs ihvs 


Putting E = E,, =/v,(n + 4) in the mth state and the classical motion is 
given by 


, OF 


44s! 


x = V2n +1 Sin (2z»,2). (5) 
If P be the classical probability density, 7.e., Pdx be the probability of finding 
the particle in (x, x + dx), and dt the time for the classical description of 
the distance dx, we have 


Pdx = Adt, where A is a constant. 
7 
To find A, we use ¥ Pdx = 1. (6) 
—*9 
: < ax 
From (5), at = ,, and (6) reduces to 
2rv, V2n +1 — x 
|) Adx - ‘ ; 
/ —— , = 1, which, on using (4), gives 
‘ 2rv, V2n +1 — x 
— 9 
A =2», 
ax 
1.€., Pax = — — 


tT7V¥un+1— xe 
B B 
Hence Fs Pax = / dx = 


a a ™Vin +1 —2x* 


, a and f being fixed 


and thus obviously approaches zero, as 1 — oo, the result to be proved. It 
is worth noticing that the above analysis not only proves that the integral 


; 1 
tends to zero as 2 — co but actually gives the order for large 7 asO ( oe :) : 
nN -- 


The physical interpretation of the above result is that for a state of infinite 
energy (E,, > oo, aS m — co), the probability of finding the particle in the 











had ih fot 
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range (a, 8) is vanishingly small—a result which is at once obvious other- 





wise. 

A similar analysis could be carried over for the Laguerre polynomials 
also if one confines himself to the normalised radial functions of the hydrogen 
problem for the s — states (1 = 0) so as to ensure the dependence of the 
functions only on m. ‘The limit »—>»co would in this case correspond to 
E, > 0, and the interpretation also would be exactly similar. 
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